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Abstract

In this thesis, I present experiments involving low-temperature single emitter optical spec-
troscopy of pyramidal quantum dots, light harvesting complexes, and fluorescent proteins.
Additionally, ensemble optical spectroscopy studies on fluorescent proteins are included.
I investigate indium gallium arsenide pyramidal quantum dots with a double quantum
dot system, having two different interdot separations. Micro-photoluminescence spec-
troscopy at cryogenic temperature is employed to study the spontaneous emission line-
shape, characterised by the spectrally sharp zero-phonon line emission superimposed on
a broad emission due to phonon-assisted transitions. Excitation power dependence and
polarisation resolved photoluminescence measurements are conducted to identify the exci-
ton, biexciton and trions emission lines. Further, using two-dimensional four-wave mixing
measurements, coherent coupling of the excitons between two distant quantum dots is
investigated. For the double quantum dot system with 10 nm interdot separation, coher-
ent coupling between exciton due to static dipole-dipole interactions is revealed with a
coupling strength of 150 µeV.
I develop a sample design and preparation protocol for plasmonically enhanced low-
temperature single emitter micro-photoluminescence measurements. A slow evaporation
drop-casting method is developed to form monolayers of a polymer film containing the
emitter around plasmonic nanoparticles to have efficient coupling. The choice of shape
and size of plasmonic nanoparticles is discussed, and the optical scattering cross sec-
tion of silica-coated plasmonic gold nanorods is calculated using the boundary element
method. The Purcell factor and fluorescence enhancement of an emitter near plasmonic
gold nanorods are estimated. I study plasmonically enhanced emission from individual
light harvesting complexes LH2 at a temperature of 5 K. Plasmonically enhanced emitter
positions show spectrally sharp zero-phonon emission lines that undergo spectral diffusion,
contrasting with the broader emission observed from the unenhanced emitters. From the
statistics of the different measured positions, an emission linewidth of 0.5 meV is observed.
I also analysed experimental data for LH2 emission at low temperatures without plasmonic
enhancement from the literature to extract intrinsic lineshapes using a novel method sep-
arating the jitter, yielding a linewidth, and providing an alternative interpretation of the
data.
I study low-temperature photoluminescence and surface enhanced Raman scattering on
mRhubarb720 fluorescent protein complex using plasmonic gold nanorods using a variant
of the sample design used for LH2. The plasmonic properties of the gold nanorods are
estimated using the boundary element method. The emission spectrum is characterised
by spectrally sharp resonant Raman emission lines from individual fluorescent proteins. I
measured power dependence, and polarisation resolved time traces of emission lines. From
a fitting procedure of emission lines, I calculated the correlation between different emis-
sion lines. I also used non-negative matrix factorisation to explain observed time traces of
emission lines by a combination of different spectral components.
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Finally, I study the ultrafast spectroscopy of three different fluorescent proteins at room
temperature in an ensemble. Pump-probe spectroscopy measurements are conducted on
the thin film of fluorescent proteins. From a Fourier transform analysis of the transient
absorption spectrum, low-frequency vibrational beating at 250 cm−1 is observed for differ-
ent fluorescent proteins. Two dimensional electronic spectroscopy measurements are also
conducted to reveal the ultrafast relaxation within the molecules. I conducted an ensemble
study of different fluorescent proteins using fluorescence line narrowing emission at low
temperatures. These fluorescent proteins, variants of the same type but featuring distinct
functional groups attached to them, exhibit different absorption and emission lineshapes.
From the excitation power dependence of the emission spectra, I analyse the change in
the emission lineshapes for different variants.
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Chapter 1

Introduction

1.1 Motivation

This thesis presents single emitter cryo-micro-spectroscopy of three di�erent systems in-

cluding semiconductor quantum dots, light-harvesting complexes, and �uorescent proteins.

Single emitter studies of semiconductor quantum dots (QDs) at cryogenic temperatures

are crucial to investigate QDs as candidate for quantum technologies [1]. Semiconductor

QDs, which function as atom-like two-level system (TLS), act as non-classical light sources

enabling spontaneous single photon emission, which is particularly valuable for applica-

tions including quantum key distribution, metrology, and quantum computing [2]. These

QDs can emit light pulses that are on-demand, deterministic, and contain only a single

photon with a well-de�ned polarization and spatiotemporal pro�le [3]. Such properties

are foundational for their use in quantum cryptography and measurement based quantum

computing. Single emitter studies at cryogenic temperatures enables precise characteriza-

tion of QD's optical properties without the averaging e�ects present in ensemble studies

and direct observation of phenomena such as photon antibunching, which is a hallmark of

single photon emission. In contrast, ensemble studies can mask individual behaviours due

to variations in size, shape, and local environment, leading to an averaged response that

may not accurately re�ect the emission characteristics of individual dots. Further, cryo-

genic conditions lead to photoluminescence (PL) line narrowing, which improves spectral

resolution and allows for more accurate identi�cation of emission characteristics speci�c to

single emitters, whereas room temperature studies may not provide the same level of de-

tail due to stronger in�uence of the �uctuating environment and increased photobleaching.

Single emitter cryo-micro-spectroscopy of biomolecules, light-harvesting complexes and

�uorescent proteins, is of signi�cant importance in the �eld of molecular biology and bio-

physics. In ensemble studies, heterogeneities in molecular interactions and conformations

are often obscured, but single emitter studies allow for detailed examination, o�ering in-

sights into their structural and dynamic properties [4]. Further, cryogenic conditions help

in reducing thermal �uctuations, and thus provide sharper spectral structures containing
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2 1.1. Motivation

more information, while at the same time reducing photobleaching due to the absence of

mobile oxygen [5]. Cryo-micro-spectroscopy of light-harvesting complexes enables explo-

ration of energy transfer processes and the role of individual pigments in photosynthesis,

o�ering a deeper understanding of highly e�cient energy conversion in these complexes.

Fluorescent proteins, which are widely used as markers in biological imaging, can be

studied at the single molecule level to investigate their photophysical properties and inter-

actions with other biomolecules opening pathways to the development of more stable and

brighter �uorescent markers for advanced imaging techniques such as in super-resolution

�uorescence microscopy. Further, these �uorescent proteins hold potential as single photon

sources for quantum technologies including quantum computing and secure communica-

tion systems [6].

The motivation behind di�erent experimental approaches is discussed in the following

sections.

1.1.1 Coherent optical spectroscopy of semiconductor quantum dots

The epitaxial process of growing self-assembled quantum nanostructures is a fascinating

method that results in the spontaneous formation of quantum dots by leveraging lattice-

mismatched materials. These QDs exhibit atom-like behaviour encapsulated in a crystal

lattice protecting them from uncontrolled environmental in�uences and providing long-

term stability. Their tuneable optical properties make them powerful tools for various

applications, particularly in the �eld of quantum technology. The charge and spin physics

of these nanostructures render them particularly promising for quantum technological

applications. The study of stacked QDs has been explored over the years for di�erent

optoelectronic and photovoltaic applications. For example, in quantum dot lasers, verti-

cally stacked layers of multiple QDs are used as an active layer, enhancing performance

through improved electronic coupling and photoluminescence properties [7]. In optoelec-

tronics, colloidal QDs are used in thin layers to generate white light in devices such as

QD-light emitting diodes (LEDs), with the challenge of avoiding Förster resonance energy

transfer (FRET) mitigated by sequentially depositing QD layers of di�erent colours [8] .

In solar cells, stacked QDs of a gradient of band-gap energies, arranged in ultra-high stacks

with hundreds of layers, address energy losses due to phonon emission in silicon-based cells

[9]. The quantum con�nement e�ects in these structures provide new pathways to control

energy �ow, enhancing the e�ciency of photovoltaic devices [10].

In this thesis, we present an investigation of a vertically stacked double quantum dot sys-

tem, motivated by the desire to understand and explore the role of these quantum dot

molecule (QDM) systems in quantum information processing applications. Optical exci-

tation in semiconductor QDs leads to the formation of a closely bound electron-hole pair

state, termed an exciton, which represents as a candidate for a solid-state quantum bit

(qubit) for quantum technologies [11]. This exciton can be coherently manipulated using

ultrafast laser pulses over timescales much shorter than their decoherence time [12]. How-
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ever, approaches using single isolated QDs are limited to one or two qubit operations and

are far from the realization of quantum processors. To achieve this goal, QDM systems,

with two or more vertically stacked QDs, have gained attention. An interaction of the

quantum states in distant QDs which leads to the preservation of quantum coherences

over a time scale by formation of new mixed quantum states is a signature of coherent

coupling. Linear optical spectroscopy methods have been used to reveal this coupling, but

this detection scheme is sensitive only to the structure of eigenstates and their occupations

of two coupled systems, irrespective of their classical or quantum behaviour [13]. Bayer

et al. demonstrated the use of vertically stacked QDs with di�erent separations to cre-

ate coupled and entangled quantum states, essential for constructing quantum gates and

entangling qubits [14]. The manipulation of this coupling using an electric �eld has been

explained using the quantum-con�ned Stark e�ect, where anticrossing of emission lines

serves as a sign of coupling within the QDM in linear optical spectroscopy experiments

[15].

However, these linear optical spectroscopy methods do not directly trace the coherence,

which gives a picture of the quantum superposition of states involved. Coherent optical

spectroscopy tools are required for direct experimental observation of coherent coupling

in QDM [16]. Advanced techniques like four-wave mixing (FWM) are necessary to trace

coherences, which are �ngerprints of quantum superpositions. Detecting the coherent

characteristics of coupling between di�erent excitonic complexes in self-assembled QDs re-

mains a signi�cant challenge due to the weak optical signals from single quantum systems

[17, 18]. These experiments are highly challenging due to the need for precise coherent

control of individual two-level systems, crucial for quantum information protocols. Thus,

this �eld is still in its infancy, and sophisticated experimental setups are required to fully

explore the potential of QDMs in quantum technologies. In this thesis, we aim to address

this domain by utilizing a heterodyne and interferometric detection scheme in a coherent

optical spectroscopy method using FWM spectroscopy [19]. We investigated a vertically

stacked double quantum dot system with two di�erent interdot separations to determine

the interactions between distant QDs as function of the interdot separation.

1.1.2 Plasmonically enhanced single molecule spectroscopy

Single molecule spectroscopy (SMS) focuses on examining individual molecules to uncover

heterogeneities, providing an actual distribution of parameters instead of an ensemble

average. These parameters include absorption or emission spectra, �uorescence lifetime,

transfer rates, and di�usion coe�cients. An important aspect of SMS is the study of

emission linewidths to determine excited state characteristics. Ensemble studies measure

inhomogeneously broadened linewidths resulting from a distribution of centre energies

within the ensemble. In contrast, SMS addresses one molecule at a time, overcoming this

limitation. In the early 1990s, W. E. Moerner [20] and M. Orrit [21] achieved the detection
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of single molecules in the condensed phase using �uorescence techniques. The condensed

phase provides an isolated and stable environment, allowing longer measurement times.

Further, this stability allows single molecules to act as sensors of local variables in their

surroundings. Early studies at low temperatures, such as those by Moerner on defects

in pentacene crystals, focused on �uorescence excitation detection. At cryogenic tem-

peratures, reduced thermal motion and molecular vibrations allow clearer observation of

intrinsic molecular properties. Parameters like linewidth or spectral lineshape become

more distinct and are more directly attributable to the molecules' inherent characteristics.

Another signi�cant advantage of single molecule studies is the elimination of the need

for synchronization among di�erent molecules. Ensemble studies average the signals from

many unsynchronized molecules, leading to broad linewidths and averaged properties. In

single molecule studies, these individual di�erences can be resolved and examined, pro-

viding more precise and detailed insights into each molecule's behaviour and properties.

This has led to the discovery of phenomena such as blinking, state switching, and spectral

di�usion [22, 23]. Spectral di�usion, re�ecting changes in the local environment, can be

in�uenced by dislocations, point defects, or random internal electric and strain �elds in

the host material, with linewidth broadening and rate of spectral changes increasing with

temperature.

The LH2 complex from the photosynthetic unit system of purple bacteria is a focal point

of research aimed at understanding bacterial photosynthesis's high e�ciency. Models ex-

plaining this e�ciency consider the delocalization of excitation within di�erent bands of

the LH2 complex and the heterogeneity in the centre energies of di�erent chromophores

within these bands. However, direct experimental observation of delocalized exciton states

using conventional ensemble studies is challenging due to ensemble averaging, making in-

dividual complex investigations crucial. Most studies have addressed the �uorescence-

excitation spectroscopy of individual LH2 complexes, showing evidence of delocalization

over di�erent chromophores in bands [24, 25]. Fewer studies have investigated the �u-

orescence emission spectra of individual LH2 complexes. At elevated temperatures, the

broadening of emission spectral lineshapes limits the information on the hidden hetero-

geneities. At cryogenic temperatures, enhanced photostability of the complex allows for

longer measurement periods, revealing spectral di�usion and state jumping. Studies at

low and room temperatures investigating �uorescence intensity traces and emission spec-

tral lineshapes of individual LH2 complexes have shown discrepancies relative to accepted

models, indicating exciton self-trapping [26, 27, 28]. However, these studies often required

long exposure times due to weak emission signals, limiting temporal resolution and aver-

aging fast-occurring �uctuations [29, 30].

We aim to investigate the �uorescence emission spectra of individual LH2 complexes at

cryogenic temperatures using plasmonic enhancement. This enhancement will increase

the emission signal from single complexes, allowing us to measure �uorescence spectral

maps with better temporal resolution, providing detailed information on heterogeneities,

centre energy, �uorescence intensity, and linewidths. This is done by designing of the
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plasmonic nanostructures, which are metallic nanoparticles with at least one dimension

smaller than the interacting optical wavelength. These nanoparticles exhibit unique op-

tical properties which arise from the collective oscillations of free electrons, known as

surface plasmons, when exposed to incident light. This phenomenon, termed localized

surface plasmon resonance (LSPR), can signi�cantly enhance the electric �eld near the

metal surface. The degree of enhancement depends on the shape and size of the nanopar-

ticles, with the strongest e�ects occurring near the tips and edges, creating regions known

as "hotspots". These hotspots facilitate excitation within extremely small volumes, far

below the di�raction limit, e�ectively suppressing background emission from the envi-

ronment. Consequently, the emission from molecules in these enhanced regions becomes

dominant. The LH2 complex which has an intrinsic quantum e�ciency, de�ned as the

ratio of far-�eld radiation to absorption, of only about 10% [31]. In the presence of the

plasmonic nanoparticles this quantum e�ciency is modi�ed due to changes in the decay

rate, an e�ect explained by the Purcell e�ect. In this thesis, we investigate the �uores-

cence spectroscopy of individual LH2 complexes, leveraging plasmonic nanoparticles. This

study aims to enhance the understanding of this �eld and supplements the limited existing

literature on the subject [32, 33].

1.1.3 Surface enhanced Raman spectroscopy of �uorescent proteins

Since the discovery of the green �uorescent protein (GFP) and its application as �uores-

cent labelling tool, optical microscopy in lifesciences has been revolutionised. Fluorescence

microscopy has become a reliable and sensitive method, signi�cantly enhancing our abil-

ity to measure protein interactions, capture conformational changes, and provide real-time

visualization of dynamic protein behaviour within cells [34]. An extensive array of dis-

tinct �uorescent proteins (FPs) has been developed, varying in size, emission wavelength,

quantum e�ciency, and stability. Coupling �uorophores to di�erent proteins can reveal

information regarding localised conformational changes within the protein structure and

intermolecular interactions through measurements of intensity �uctuation and excitation

transfer mechanisms. An ideal �uorescent label should possess attributes such as small

size, high brightness with a substantial quantum yield, and the capacity for prolonged

photostability to facilitate extended observation periods. Living tissues exhibit lower ab-

sorption and scattering at longer wavelengths in the near-infrared and infrared wavelengths

making near-infrared (NIR) �uorescent labels of particular interest for deep tissue imag-

ing and other applications in the �eld of biomedical spectroscopy. Genetically encoded

monomeric FPs with favourable �uorescence properties can serve as e�ective tools for

NIR labelling. The biliverdin chromophore, a metabolic product, has NIR emission. It

is incorporated in near-infrared �uorescent protein (iRFP), a dimeric infrared �uorescent

protein, to provide emission at 713 nm. Researchers have developed a monomeric version

and isolated mutants [35], among which mRhubarb720 emerges as the brightest and red-
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dest FP variant with emission shifted to 720 nm having a quantum yield of 6.5% and a

brightness comparable to iRFP. Due to these properties, mRhubarb720 presents as a very

interesting FP in the NIR range to be investigated.

We aim to investigate mRhubarb720 FP to understand its vibrational signatures and pho-

tophysical properties, identifying vibrational modes in the excited and ground state, and

photoswitching mechanisms. It is a new �uorescent protein with no prior studies on the

single molecule level thus no information is available on its single molecule photophysical

properties. We implemented a single molecule study utilizing surface enhanced resonance

Raman scattering. Raman scattering occurs when an incident photon interacts inelasti-

cally with a molecule, transferring energy to or from lattice vibrations called phonons. As

a result, the emitted photon has a di�erent energy than the incident photon. Although

Raman scattering produces weak signals due to small Raman cross-sections, making it

di�cult to detect vibrational signals from single molecules, surface enhanced Raman scat-

tering (SERS) addresses this limitation. SERS is a vibrational spectroscopy technique

that enhances the Raman signal by leveraging the increased electromagnetic �elds gener-

ated by the localised surface plasmon resonance (LSPR) in metallic nanoparticles. This

enhancement signi�cantly increases the Raman signal, making it possible to detect and

measure single molecules by observing their vibrational signatures. In contrast to �uores-

cence spectroscopy, which imposes requirements on the quantum e�ciency of the probing

molecule and thus limits the types of molecules that can be studied, SERS does not require

such conditions. This makes SERS a versatile technique that can be applied to molecules

that are otherwise incompatible with �uorescence methods. SERS allows for the analysis

of individual molecules and the extraction of vibrational signatures that are often obscured

in ensemble studies. Since the �rst observation of single molecules using SERS [36], the

technique has undergone signi�cant improvements. Novel accomplishments, such as cre-

ating picocavities that con�ne light to unprecedented limits, have been achieved [37]. In

SERS experiments, we employed a di�erent approach for sample preparation in compari-

son to the typically used method where low concentrations of proteins are adsorbed over

monolayers of the plasmonic particle is similar to those used in the literature [38, 39]. We

have conducted a statistical analysis of temporally �uctuating SERS signals to understand

the �uctuations of electronic and vibrational resonances in the single molecules.

1.2 Thesis Outline

Ch. 2 of the thesis provides required background to relevant concepts. Band structure

and selection rules for optical transitions in semiconductor quantum dots are revised.

A basic introduction to di�erent �uorescent proteins is given. An introduction to the

light-harvesting complex LH2 is provided. The basics of Raman scattering are discussed.

Di�erent excitation and decay pathways in semiconductors and molecules are discussed.

Surface plasmons and other plasmonic properties of metallic nanoparticles are discussed,
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and �nally, the basics of four-wave mixing and heterodyne spectral interferometric tech-

nique are provided.

Ch. 3 presents the methodologies and set-up used for di�erent measurements presented in

the later chapters. Starting from the working principle of the cryo-micro-photoluminescence

set-up, di�erent components are discussed in detail. Excitation sources and detectors are

listed. In the next section, a four-wave mixing setup using a heterodyne spectral interfer-

ometry detection is described in detail. The third section of this chapter discusses di�erent

tools used for sample characterisation. The last section provides a brief discussion on the

ultrafast spectroscopy setup used for room temperature ensemble �uorescent protein stud-

ies.

Ch. 4 describes results on the pyramidal quantum dots. These site-controlled epitaxially

grown InGaAs quantum dots have a double quantum dot system where two quantum dots

are vertically stacked in the pyramid structure. Low-temperature micro-photoluminescence

measurements on two di�erent pyramidal quantum dot samples are presented. An exci-

tation power dependence and polarisation resolved photoluminescence measurements are

discussed and the �ne structure splitting for one of the samples is evaluated. Further,

four-wave mixing spectroscopy results are discussed in detail on both samples. An in-

terpretation of the coherent coupling investigations is provided in the last section of this

chapter.

Ch. 5 presents design rules for plasmonic nanoparticles to be utilised for single-emitter

studies are discussed. Simulations of plasmonic nanoparticles to evaluate di�erent pa-

rameters are provided in the �rst section. Next, di�erent sample preparation and char-

acterisation methodologies are presented. The last section of this chapter showcase low-

temperature plasmonically enhanced single LH2 measurements. The statistical outcomes

from these measurements are discussed and an analysis of literature data is shown.

Ch. 6 presents surface-enhanced Raman scattering of mRhubarb �uorescent protein. Sec-

tions on sample preparation protocol and modelling of plasmonic nanoparticles are pre-

sented. In the last section, di�erent analysis approaches are discussed in order to under-

stand the SERS �uctuations observed.

Ch. 7 focuses on the ensemble measurements on di�erent �uorescent proteins. In the �rst

section, ultrafast spectroscopy measurements results are discussed and analysis protocols

are presented. In the second section, �uorescence line narrowing spectroscopy measure-

ments are reported.



Chapter 2

Theoretical background

2.1 III-V semiconductors

III-V semiconductors refer to the compound semiconductors composed of elements from

group III (typically aluminium, gallium, and indium) and group V (typically phosphorus,

arsenic, and antimony) semiconductor elements. In this section, a short discussion is

provided on the lattice structure of the III-V semiconductors, their band structure and

optical selection rules, and the carrier con�nement

2.1.1 Lattice structure

Elemental semiconductors like silicon and germanium, have a diamond cubic crystal struc-

ture where each atom is covalently bonded to four neighbouring atoms in a tetrahedral

geometry. Compound semiconductors have a variety of band structures depending on the

speci�c compound; however, most of the III-V semiconductors have a zinc blende crys-

tal structure resulting from two interpenetrating face-centered cubic lattices shifted by a

quarter of the diagonal of the cube along the diagonal axis.

Figure 2.1: Crystal structure of zinc blende III-V semiconductors. Reproduced from Ref.[40].

8
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Figure 2.2: Sketch of band structure of gallium arsenide (GaAs) neark = 0 . The band gap energy
Eg is the di�erence in energy between the top of the valence band and bottom of the conduction
band. Four bands are shown: Valence band- heavy hole (hh), light hole (lh), and split-o� (so) and
conduction band electron (e) band. Two optical transitions, one from the hh to the conduction
band (CB) and another from lh to the CB are shown.

2.1.2 Band structure and selection rules

To understand the e�ect of quantum con�nement on the electronic properties of the semi-

conductor materials, we would like to reintroduce some basic properties of bulk semicon-

ductor materials. The most prominent intrinsic semiconductor elements have four valence

electrons in the outermost shell. For example, germanium has the outermost electronic

con�guration 4s24p2, where s and p represent the di�erent electronic orbital shells, de�ned

by their angular momentum quantum number, l = 0 and 1 respectively. This condition of

four valence electrons in the outermost shell is also met in compound semiconductors like

III-V and II-VI. In the crystal lattice structure, atoms of each element make covalent

bonds by sharing these valence electrons. These atomic electronic states evolve into the

molecular bonding- and anti-bonding orbitals, which further evolve into valence and con-

duction bands, respectively. The top of the valence band has p-like character with angular

momentum l = 1 , and the bottom of the conduction band has s-like character with an-

gular momentum l = 0 . The bands are described by the Bloch functions, preserving the

atomic orbital symmetry and electronic spin. The band structure of III-V direct band gap

semiconductor is given in terms of a simpli�ed four-band model as shown in Fig. 2.2 [41].

All four bands have parabolic dispersion determined by the e�ective mass of the carrier.

The upper single band is the electron band (e) corresponding to the conduction band,
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Figure 2.3: Selection rules for optical transitions between valence band (VB) and conduction
band (CB).

which has a s-like character with positive curvature. The orbital angular moment l is 0,

corresponding to the orbital symmetry, and only spin momentum s = 1=2 is present in

the upper band, resulting in a doubly spin degenerate band. In the lower valence band,

since it has a p-like character with orbital angular momentum l = 1 , there is spin-orbit

interaction. The new states are de�ned by the total angular momentum J , which is a

vector sum of orbital angular momentum and spin angular momentum. The bands corre-

sponding to J = 3=2, and J = 1=2 are separate from each other by an energy separation

equal to the spin-orbit (SO) interaction, which is in the range of hundreds of meV.J = 1=2

is the lowest energy band in the valence band and is called the split-o� (so) band and is a

two-fold degenerate. J = 3=2 has a four-fold degeneracy corresponding to four projection

values of Jz = � 3=2; � 1=2 at k = 0 . From standard k � p theory, one can demonstrate

that the degeneracy is partially lifted for k 6= 0 , resulting in two-fold degenerate bands

corresponding to heavy hole band (Jz = � 3=2) and light hole band (Jz = � 1=2) with the

spin projections along the wavevector direction.

The probability of a transition between two states is determined by Fermi's Golden rule,

which determines the rate from the transition matrix hf jH ji i where H is the perturbing

Hamiltonian operator between the initial i and �nal f state. On optical excitation, an

electron in the valence band is excited to the conduction band by absorption of a photon

and the probability of occurrence is given by the matrix huv jH juci , where uc and uv are

Bloch functions for conduction and valence bands, respectively. The parity of the Bloch

function for the valence band is odd, whereas the parity of the Bloch function for the

conduction band is even. This matrix is non-zero only for transitions, which results in a

change in the angular momentum. The relevant selection rules for optical transitions from

the valence band to the conduction band are shown in Fig. 2.3.

2.1.3 Quantum con�nement

When the charge carriers, electrons in the conduction bands and holes in valence bands,

are con�ned in space, they experience a phenomenon called quantum con�nement. The

spatial con�nement leads to quantised states with well-de�ned energy within the bands,

and particles can occupy only these discrete energy levels, leading to quantisation. These
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spatial constraints on the charge carriers are imposed by the di�erences in the band gap

energies between two elements. For instance, when InxGa1� xAs layer is sandwiched be-

tween two GaAs layers epitaxially along direction z, the charge carriers are con�ned due

to di�erent band gaps of two materials. For a simple case of one-dimensional con�nement,

the envelope wavefunction of the charge carrier and the quantised energy levels can be

estimated by solving the Schrödinger equation for a de�ned con�nement potentialV (z).

 
� h2

2mv;c

d2

dz2 + V(z)

!

 (z) = E (z) (2.1)

For an in�nite square potential well, Eq. 2.1 gives a solution for envelope wavefunction,

which is quantised in terms of quantisation of the momentum of the charge carrier along

the con�ned direction, kz. This modi�es the energy dispersion, allowing only discrete

energy levels within the bands.

When the charge carriers are subjected to additional in-plane con�nement in all three

directions, such structure is called a quantum dot (QD). The result of three-dimensional

con�nement is the complete quantisation of energy levels, resulting in an atom-like energy

level system where the charge carriers in valence and electron bands can occupy only well-

de�ned energy states. By assuming the radial con�nement potential to be a harmonic

potential, energy levels can be determined Eq. 2.2[42]

En;l = (2 n + jl j + 1) ~! (2.2)

! is the harmonic oscillator frequency for conduction or valence band,n is the radial

quantum number, and l is the angular quantum number. In analogy to the atomic level,

di�erent energy levels are called s, p, and d shells. The optical selection rules are de-

termined by the symmetry of Bloch functions and electron-hole wavefunction overlaps,

allowing some optically active transitions.

2.1.4 Excitons

When a semiconductor absorbs a photon by an interband transition, it creates an electron

in the conduction band and a hole in the valence band. A hole is the missing electron in

the otherwise completely �lled valence band, which has opposite charge and mass com-

pared to the electron state. This electron and hole pair is created at the same point in

space by converting the Bloch-function of the electron from valence to conduction band;

therefore, these two opposite charges attract each other by Coulomb force. This attractive

interaction increases the optical transition rates. An electron-hole pair-bound states can

be formed which is called exciton. Stable excitons will be formed only if the Coulomb

attraction is higher than thermal energy, i.e. kB T. At room temperatures, kB T � 25 meV

is higher than typical binding energies (� 10meV) of bulk exciton states, referred to as

free exciton or Wannier-Mott exciton [43, 44], which are thus often not stable at room



12 2.1. III-V semiconductors

Figure 2.4: Di�erent excitonic transitions in quantum dot. Arrows indicate electron and hole
spins in con�ned states

temperature. In order to observe such exciton states in semiconductors, low-temperature

absorption and photoluminescence experiments are required. There is another type of

exciton, Frenkel excitons or localised excitons [45, 46], which are tightly bound and have

binding energies of the order of 100 meV. These localised exciton states are relatively sta-

ble at room temperature. In our measurements of pyramidal quantum dots we deal with

Wannier-Mott excitons.

When a semiconductor quantum dot undergoes an optical excitation, it leads to the forma-

tion of an excitonic state by exciting the electron from the valence band to the conduction

band. There are di�erent excitonic transitions possible, including exciton where there is

one electron and one hole in CB and valence band (VB), respectively. A charged exciton

state, called trion, where there are either two electrons and one hole or one electron and

two holes in CB and VB, respectively. The third excitonic state is the biexciton state,

where there are two electrons and two holes in the CB and VB, respectively. These dif-

ferent excitonic states are shown in Fig. 2.4. Formation of excitonic state depends on the

excitation power, local charges and the QD material. Under higher excitation powers,

charge carriers are injected faster than the single exciton decays radiatively, allowing the

formation of biexciton states. If there are local charges around the QD, the charge carriers

can be injected into the valence band leading to trion states.

2.1.4.1 Fine structure splitting

Electron and hole spin interaction in an exciton state leads to �ne-structure splitting (FSS).

This exchange interaction can be understood in terms of an magnetic �eld generated by

hole spin which causes electron spin to precess about this �eld direction and vice versa.

The corresponding interaction Hamiltonian is given by:

Hex =
X

i = x;y;z

�
ai Jh;i Se;i + bi J 3

h;i Se;i )
�

(2.3)
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Figure 2.5: X-XX system for elliptical QDs.

with Se and Jh are electron and hole spin respectively withai and bi are spin coupling

parameters. The band-edge physics is dominated by the heavy hole (hh) exciton as the

light hole ( lh) exciton is quantised to higher energies in the pyramidal quantum dots

(PQDs) investigated. A hh with Jh = 3=2, Jh;z = � 3=2, and electron with Se = 1=2,

Se;z = � 1=2 form an exciton with resulting states jM j = 1 ; 2 wherejM j is the net magnetic

spin given by M = Se;z + Jh;z . States with jM j = 2 are optically dark state as they cannot

be excited by the optical excitation having M = � 1. However, jM j = 1 are bright states

and can be excited optically by circularly polarized light. Exciton bright states are j+1 i

and j� 1i , and the e�ect of the exchange interaction is described by the HamiltonianHex

given in the matrix form as:

Hex =
1
2

 
� 0 � 1

� 1 � 0

!

(2.4)

with � 0 and � 1 parameters which depends on the QD symmetry [47]. Depending on the

shape of QD, either spherical or elliptical in plane,� 1 would be zero or non-zero respec-

tively. In the former case, exciton states are degenerate withj� 1i , j+1 i as eigenstates for

exchange Hamiltonian (Hex) resulting in two degenerate circularly polarized transitions.

In the later case, eigenstates are given as:

jL 1i =
1

p
2

(j+1 i + j� 1i )

jL 2i =
1

p
2

(j+1 i � j� 1i );
(2.5)

with corresponding eigenenergeies given as:

EL 1 =
1
2

(� 0 + � 1)

EL 2 =
1
2

(� 0 � � 1):
(2.6)
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These energies are for two linearly polarised excitonic transitions split by the �ne-structure

splitting (FSS) � 1. In emission spectra from charged and multi-exciton states, one needs

to consider both the initial and �nal emission states. In the case of trion and biexciton,

initial states do not show FSS. Trion has two electrons in the CB and one hole in the

VB; the CB is a singlet state. Thus, there is no exchange interaction with hole spin. It is

the same with the biexciton. However, the �nal emission state of the biexciton is di�erent

from that of the trion in which the �nal state is a single electron. In the biexciton, the �nal

state is an exciton which shows FSS. The resulting X-XX system can be schematically

represented as shown in Fig. 2.5. X-XX transitions have the same FSS but for opposite

linear polarisation. For more detailed explanations the reader is referred to references

[47, 48, 49]. In the case of PQD, FSS splitting can be understood as a result of deviation

of the con�nement potential from the theoretically predicted three-fold symmetry ( C3� ).

Asymmetries can lift the degeneracy of the exciton state and thus induce FSS.

2.2 Fluorescent proteins

FPs are a class of proteins which e�ciently emit light when excited optically. They have

been widely used in molecular and cellular imaging to investigate and visualise biological

processes. Fluorescent proteins are generally large in comparison to organic �uorophores

such as �uorescein, because they consist of a protein which encapsulates the actual �u-

orophore, which is formed by a post-translational modi�cation of amino acids. Still,

they possess similar �uorescence properties, which make them bene�cial for imaging ap-

plications. The most well-known and commonly used �uorescent protein (FP) is green

�uorescent protein (GFP), which was �rst isolated from the jelly�sh [50]. Since then, the

library of FPs has been extended to cover the emission wavelength range from the visible

to near-infrared [51]. There are a few desirable characteristics of a FP; these include high

emission quantum e�ciency and extinction cross-section, photostability, and biocompat-

ibility. The emission quantum e�ciency for a FP is a measure of how e�ciently it can

convert absorbed photons into the emitted �uorescence, de�ned by the ratio of emitted

photons to absorbed photons in a given time. High emission quantum e�ciency ensures

that the FP is a bright emitter. The brightness of a FP is de�ned as the product of

the extinction coe�cient (proportional to its absorption cross-section and thus the rate

of photon absorption for a given excitation intensity) and emission quantum e�ciency. A

brighter FP will yield a high signal-to-noise ratio in �uorescence imaging. Photostability

is the ability of the FP to resist the degradation or loss of �uorescence over time when

optically excited. This degradation depends on di�erent factors, including the protein

structure, the surrounding matrix, and the optical illumination. A photostable FP is im-

portant so that imaging can be done over an extended period of time, which is required

in tracking cellular dynamics. There is another important factor, the maturation of the

FP, de�ned as the process that occurs until the moment the protein becomes �uorescent.
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2.2.1 Red �uorescent proteins

For multicolour tracking of fusion proteins, the spectrum of available colours from the FPs

is extended by genetic encoding a FP to a protein of interest. The gene encoding GFP

has resulted in its cyan, blue and yellow variants. The development of red �uorescent

protein (RFP) started only after the discovery of FPs in Anthozoa. The most commonly

used RFPs are DsRed [52], eqFP578 [53], and eqFP611 [54]. These all exist as oligomers

either in tetramer or dimer states where the FPs is made of repeating units. The size

of the FPs increases with oligomerisation and causes a hindrance to their application in

imaging. The monomer FPs are desired, but generally, monomerisation leads to a severe

loss of brightness.

From the recent advances in creating monomeric bright RFPs, mCherry FP is one of

them. mCherry evolved as the next generation of monomer FP which is ten-fold more

photostable and has a signi�cant increase in the extinction coe�cient over the monomer

mRFP1 [55] evolved from DsRed [52]. The wild-type (WT) mcherry FP has absorbance

maximum at 587 nm with emission maximum at 610 nm [56].

NIR �uorescent probes are essential for non-invasive in vivo imaging techniques. These

probes exhibit excitation and emission spectra that fall within the NIR tissue trans-

parency "optical window" (approximately 650�900 nm). This optical window is charac-

terised by low cellular auto�uorescence, reduced light scattering, and weak absorption

of haemoglobin, melanin, and water [57]. Among the notable NIR �uorescent probes are

biliverdin-binding proteins, which contribute to the colouration in amphibians and display

�uorescence in the NIR spectral region. Biliverdin is a linear tetrapyrrole formed through

the heme catabolism [58]. The identi�cation of biliverdin-binding serpins (BBSs) marked

a signi�cant milestone in �uorescence research within the amphibian context. Several

monomeric NIR �uorescent protein (FP) named mIRFP were derived by cofactor binding

of biliverdin to the target protein [59, 60]. Recently, another variant was developed [35]

from which two new red-shifted variants, mRhuarb719 and mRhuarb720, were developed.

The mRhubarb720 FP is of particular interest as it has improved brightness and red-

shifted emission compared to mIRFP with absorption maximum at 710 nm and emission

maximum at 720 nm, suited for applications in the NIR range.

2.3 Light-harvesting complexes

Solar energy serves as the ultimate source of most forms of life on earth. A multitude of

living organisms, including plants, bacteria, and algae, sustain life on earth by converting

solar energy into chemical energy through photosynthesis. Photosynthesis is an e�cient

light-harvesting process with high reliability and adaptability to di�erent light conditions.

To understand the process of photosynthesis, insight into the architectural arrangement

of the various components within the light-harvesting apparatus is necessary. The photo-

synthesis process occurs in the photosynthetic unit (PSU), consisting of various pigment
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Figure 2.6: Absorption spectra of LH2 complex measured at room temperature on the material
supplied to us by Heiko Lokstein (Charles University, Prague).

molecules and a reaction center (RC). Photosynthesis commences with the absorption

of light by pigment molecules, referred to as chromophores, creating an electronic excita-

tion. Subsequently, this excitation is transported to the reaction centre through di�erent

mechanisms, dipole-dipole coupling for longer distances or electron transport for shorter

distances, that depends on the organisation of the apparatus. Inside the reaction centre,

the excitation establishes an electrochemical gradient across the membrane by the transfer

of protons across the membrane. This gradient, in turn, fuels chemical reactions culminat-

ing in the production of adenosine triphosphate (ATP), the cellular energy currency and

other processes. The fundamental process of photosynthesis is similar across organisms,

spanning from structurally simple to complex PSUs where the degree of complexity is

de�ned by the organisation and constitution of diverse components within the PSU. Here

we discuss the purple bacteria, anaerobic photosynthetic entities typically dwelling in the

depths of lakes, ponds, and streams. These are considered to possess one of the oldest and

simplest photosynthetic systems [61]. The aerobic phototrophs, primarily chlorophylls,

which exist closer to the water surface, �lter the light that reaches purple bacteria. Thus,

purple bacteria depend on green light and infrared (IR) light which is not absorbed by the

cholorphylls. Because of its PSU's highly symmetrical architecture, it is favoured for pho-

tosynthesis studies and has been extensively researched [31, 62, 63, 64, 65, 66, 67, 68, 69].

Within the PSU of most purple bacteria species, there are two distinct types of light har-

vesting (LH) systems: LH1, which envelopes the RC in a 1:1 proportion, is often regarded

as a singular unit termed as LH1-RC complex. The second variety is the peripheral LH2-

light harvesting complex (LHC), which spatially and spectrally extends light absorption,

covering a range of wavelengths and transfer the excitation to the LH1. The number of

LH2 surrounding LH1 is variable and used by the cell to regulate the RC excitation rate to

its e�cient and stable operating point. In situations of low light, the bacterium generates
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Figure 2.7: Structure of LH2 complex from Rps. acidophila. (a) Double ring structure formed by
� � and � � apoproteins. There are nine subunits in LH2 fromRps. acidophila. (b) LH2 complex
structure with Carotenoids (green), bacteriochlorophylls (BChls) (yellow) and apoproteins (pink).
Generated using the Visual Molecular Dynamics (VMD) software [70], and the protein structure
�le was sourced from the protein database website [71, 72].

more LH2. Certain species employ an additional light-harvesting system known as LH3 or

B800-B820 in exceedingly dim light environments, absorbing distinct wavelength ranges

centred around 800 and 820 nm. The RC itself has weak absorption compared to LH1 and

LH2, by four bacteriochlorophylls. The LH2 complex operates as an antenna, conveying

energy to LH1, which subsequently transfers it to the RC. To draw a parallel, PSU are

biological nanomachines akin to solar cells, which exhibit a remarkably high quantum

yield of up to 95%. The exploration of these systems is of great signi�cance in compre-

hending diverse excitation transfer mechanisms and devising strategies to safeguard the

light-harvesting apparatus against intense light conditions.

2.3.1 LH2 structure

The pigment molecules which engage in e�ective light-harvesting and energy transfer pro-

cesses are, namely, bacteriochlorophylls (BChls) and carotenoids. These molecules are

arranged and organised within the LHCs in a manner that optimises the e�ciency of the

photosynthetic machinery. As previously mentioned, purple bacteria sustain themselves by

absorbing green light through Carotenoids and IR light through BChls (Fig. 2.6). In this

section, we will brie�y explore the crystal structure of the LH2 complex from Rhodopseu-

domonas (Rps.) acidophila details are given in [25, 73, 74, 75, 76]. Atomic resolution

crystal structures of all components within the PSU of purple bacteria are available. The

structure of the LH2 complex was determined using X-ray at a resolution of 2.5 Å [74] and

then at a higher resolution of 2 Å [77]. The LH2 complex has a dual-ring con�guration
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Figure 2.8: B800 and B850 rings in LH2 complex. Top view (a) and side view (b) of B800 (Yellow)
and B850 (Green) rings. Generated using the Visual Molecular Dynamics (VMD) software [70],
and the protein structure �le was sourced from the protein database website [71, 72].

made by a repeat of identical subunits. The number of these subunits can vary between

species and, in some cases, even within a single species.Rps. acidophila's LH2 complex has

nine subunits. These subunits encompass two integral membrane proteins,� -apoprotein

and � -apoprotein, along with non-covalently bonded pigment molecules such as BChls and

Carotenoids [74]. The � -apoprotein forms the inner ring, while the � -apoprotein forms

the outer ring, with a hydrophobic region embedded in the lipid membrane at the centre

(Fig. 2.7). Each LH2 subunit contains three BChl molecules and one Carotenoids. Di�er-

ent species host distinct types of BChl, inRps. acidophila's LH2 complex, BChla is present,

characterised by its lengthy hydrophobic tail. Similarly, various types of Carotenoids are

found across di�erent purple bacteria species. Rps. acidophila uses rhodopsin glucoside

Carotenoids. These BChla and Carotenoids assemble into circular arrays, non-covalently

linked to the apoproteins. Within the LH2 complex, BChl a forms two distinct rings:

periplasmic side ring (between the cytoplasmic membrane and outer membrane), compris-

ing 18 vertically oriented BChls that absorb light at 850 nm, and the cytoplasmic side

ring (enclosed by cytoplasmic membrane), containing nine horizontally oriented BChls

that absorb around 800 nm. These two rings are commonly referred to as the B800 and

B850 rings. The positions of the B800 and B850 ring in the LH2 structure are shown in

Fig. 2.8. Notably, the B850 BChls are closer to each other compared to the B800 ring.

The alignment of horizontally and vertically oriented BChl a rings enables LH2 to absorb

light of all polarisations within the ring's plane, while also setting a consistent direction

for transition dipole moments within the molecular framework of the ring. This alignment

enables e�cient interpigment energy transfer during the light-harvesting process. In the

LH1 complex, BChla absorbs light around 875 nm. Meanwhile, Carotenoids absorb light

around 500 nm and are arranged in a ring structure between the� - and � -apoproteins,
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Figure 2.9: Subunit structure of LH2 complex from Rps. acidophila. Generated using the Visual
Molecular Dynamics (VMD) software [70], and the protein structure �le was sourced from the
protein database website [71, 72].

situated in close proximity to the BChls in the B800 and B850 rings. This intimate con-

tact signi�cantly facilitates energy transfer. Additionally, Carotenoids contributes to the

structural stability of the LH2 complex. The subunit structure of the LH2 complex from

Rps. acidophila is illustrated in Fig. 2.9. Carotenoids serve two roles: �rstly, they broaden

the spectral range for light-harvesting by absorbing di�erent energies, and secondly, they

prevent the formation of singlet oxygen (1O�
2) by absorbing excessive excitation from BChl.

This is elaborated further below. Singlet oxygen is a potent oxidising agent capable of

damaging cells and causing the demise of organisms.

2.3.2 Excitation transfer mechanisms

In order to understand the energy transfer mechanism within the LH2 complex of purple

bacteria, it is imperative to gain insight into the interactions among pigments. The crystal

structure of LH2 reveals that distinct BChl a molecules aggregate in ring formations. The

characteristic absorption photon energy of BChla, often termed as the site energy, de-

notes the absorption band's position in the absence of environmental in�uences and other

BChla molecules. This site energy is impacted by interactions between adjacent BChla

molecules, which depend on: (i) the distance between neighboring BChla molecules, (ii)

the orientation of the transition dipoles, (iii) the aggregate size, and (iv) static and dy-

namic disorder.

A general formalism to understand the e�ect of interpigment interaction on the optical

properties of optically excited states of purple bacteria is provided by the Frenkel exci-

ton model. Each molecule (chromophore unit) is considered as TLS, having a ground

state and an electronically excited state with an excitation energy ofE0. In this prelimi-
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Figure 2.10: Excitation energy levels in LH2 from Rps. acidophila. Carotenoids has two excited
states, S1 and S2. BChla's have two excited states,Qx and Qy . (adapted from [78]))

nary approximation, no intermolecular interactions are taken into account between the N

TLSs corresponding to N molecules, resulting in the complete localisation of the excitation

within each individual molecule. In this scenario, a statejni signi�es that only molecule n

is in an excited state, while all other molecules are in the ground state. All states fromj1i

to jN i share the same excitation energyE0. Interactions between BChla molecules will

initiate energy transfer processes. The interaction between the excited states of BChla

molecules can be described by the Hamiltonian denoted asH.

H =
NX

n=1

E0 jni hnj +
NX

n=1

X

m6= n

Vnm jni hmj (2.7)

where, Vnm denotes the interaction between the excited state moleculen and m. The �rst

component of the Hamiltonian signi�es the site energyE0 associated with each molecule's

excited state. Due to the interaction term among various excited states, the excited states

jni no longer are the eigenstates ofH. The new eigenstates of the Hamiltonian in Eq. 2.7

are linear combinations of these initially localised excited states.

jki =
1

p
N

NX

n=1

ei 2�k n
N jni where (k = 0 ; ::::; N � 1) (2.8)

This linear combination of excited states is known as Frenkel excitons [45, 46]. Initially,

all excited states shared the same excitation energy in the absence of interactions among

them. However, the interaction between these molecules disrupts this degeneracy, giving

rise to an array of energy levels called the exciton band. In this tight binding model,
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excitation becomes entirely delocalised, uniformly distributed across allN molecules. The

states jni signi�es a wholly localised excited state, while statesjki represents a fully

delocalised state. These two states,jki and jni , are Fourier series of one another and can

be expressed as a linear combination of each other, representing thatk states are fully

delocalised inn-space and vice-versa.

However, in the context of LH2, due to disorder inE0 and Vnm , the scenario deviates from

this idealised state, and the excitations do not achieve complete delocalisation. The degree

of delocalisation is subject to �uctuations brought about by local disorders. The presence

of static deviations within the local protein environment surrounding the pigments induces

a shift denoted as� En in the site energies [79, 80, 81, 82]. These shifts arise from changes

in the protein environment by gradual conformational shifts in the protein structure and

are referred to as static disorders. Another source of variation is due to the interactions

among pigments. In the simplest approach, the pigment molecules can be treated as point

dipoles. The orientation of the interacting dipoles and the spatial separation between them

in�uence the strength of interaction between these dipoles. The �uctuations in pigment-

pigment interactions can be depicted by� Vnm . The Hamiltonian governing this system,

incorporating these variations, is

H =
NX

n=1

(Eo + � En ) jni hnj +
NX

n=1

X

m6= n

(Vnm + � Vnm ) jni hmj (2.9)

Fluctuations in site energy resulting from static disorder manifest as diagonal elements

within the Hamiltonian matrix and are termed diagonal disorder. The eigenstates of this

Hamiltonian can be written as linear combinations of statesjki or jni .

jei =
X

n
an jni where

X

n

�
�
�a2

n

�
�
� = 1 (2.10)

or

jei =
X

n
bk jki where

X

n

�
�
�b2

k

�
�
� = 1 (2.11)

The most suitable representation for depicting the excited states� whether in the site rep-

resentation jni or the exciton representation jki - depneds on the relative magnitudes of

V and � E . In the regime of weak coupling, wherejV=� E j � 1, the excited states are

described within the site representation jni . The interactions between molecules do not

signi�cantly impact their electronic states and the system can be characterised in terms of

localised states. This weak coupling regime is also known as the Förster limit, where en-

ergy transfer between molecules can be conceptualised as an incoherent di�usive hopping

process brought about by interaction with vibrations which are thermally populated. On

the other hand, when the interaction among pigments surpasses the �uctuations caused by

static disorder (jV=� E j � 1), the states are more localised in the Frenkel exciton states

jki . Here exciton states referes to the delocalised exciation over several chromophores.

This situation represents a strong coupling limit, wherein energy transfer between pig-
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ments occurs in a wave-like manner, signifying coherent energy transfer. Between these

two regimes, in intermediate coupling, energy transfer exhibits characteristics of both co-

herent and incoherent energy transfer. Dynamic disorder serves as an additional factor

in�uencing the localisation of excitation and the transition from coherent energy transfer

to the hopping process. The protein environment is not static but undergoes dynamic

�uctuations, with the protein backbone oscillating at low frequencies, akin to phonons

associated with the protein surroundings. The interaction between excitons and phonons

results in time-dependent �uctuations in site energies. These interactions may be negligi-

ble at low temperatures, but as the temperature rises, exciton-phonon interactions become

more pronounced. The eigenstate of the Hamiltonian in Eq. 2.9 can be conceptualised as

a wavepacket, a superposition ofk states. As phonon interactions lead to increased scat-

tering, the shape of this wavepacket changes, eventually resulting in the localisation of

excitation onto a single molecule.

To assess the extent of excitation delocalisation within various assemblies of LH2, one can

analyse the deviations in site energies (� E ) originating from the heterogeneous broadening

of the ensemble spectrum. Additionally, by leveraging the crystal structure of LH2, details

regarding interpigment distances and orientations can be inferred. The dipolar coupling

between BChla's within the B800 ring was determined to be 240 cm� 1, while the variation

in site energies is observed to be 180 cm� 1 [83]. These values indicate that electronic exci-

tations within the B800 ring remain partially localised, aligning well with the intermediate

coupling limit. This conclusion �nds support from low-temperature �uorescence-excitation

spectroscopy outcomes, where the B800 region shows spectral bands corresponding to ab-

sorption from individual BChl a molecules [84]. Furthermore, this analysis also provides

insights into the degree of delocalisation. Although the B800 ring accommodates nine

BChla molecules, the low-temperature �uorescence-excitation spectrum reveals merely six

or seven absorption bands, suggesting that the delocalisation is partial, with excitations

localised on two to three chromophores. For the B850 ring, interaction strength can be

approximated using the point-dipole approach, treating each molecule as a point dipole.

However, this approximation has limitations, particularly for the B850 ring, where eighteen

BChla molecules form a tightly bound ring aggregate with inter-BChla distances consider-

ably smaller than the size of each molecule. If the distance between the molecules becomes

similar or smaller than the delocalisation of optical excitation, then the point dipole model

is not adequate. Various methods have been employed to estimate the interaction strength,

yielding values ranging from 250 to 400 cm� 1 [76, 85, 86, 87, 88, 89, 90, 91, 92, 93, 94, 95].

The inhomogeneous broadening analysis yields a variation in site energies of 200 cm� 1 [96].

These values indicate that the excited states within the B850 ring reside in the strong cou-

pling limit, with excitation distributed across the pigment molecules.

Extensive research has been conducted on the exciton manifold of the B850 ring [73, 97,

98, 99, 100, 101]. In the case of a dimer under strong coupling, the exciton manifold

consists of two states with an energy separation of twice the interaction energy,V1;2. This

exciton manifold can be extended to N-interacting dimers, where exciton states are cate-
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gorised into lower-energy antisymmetric branches and higher-energy symmetric branches.

In the context of the B850 ring, housing eighteen BChla molecules, the symmetric and

asymmetric branches of the exciton manifold consist of eight pairwise degenerate states

and one non-degenerate state each. The degeneracy is lifted under strong interaction con-

ditions, distributing 18 exciton states across a band. The geometry and symmetry of the

system play a pivotal role in determining the exciton states that partake in optical tran-

sitions. In B850 ring, the oscillator strength is concentrated in the lower exciton manifold

(asymmetric) [25]. Static disorder primarily a�ect the exciton manifold by lifting pairwise

degeneracy and redistributing oscillator strength among adjacent states. The in�uence of

dynamic disorder within B850 rings is deemed minimal. The phonon frequencies within

LH2 are in the tens of wavenumbers, peaking at 30 cm� 1, corresponding to a dephasing

time of 1 ps [102, 103, 104, 105]. Nearest neighbour interactions are in order of several

hundred wavenumbers giving a coherent transfer timescale of near sub picosecond. Given

that interactions are signi�cantly stronger than exciton-phonon interactions, energy trans-

fer remains coherent among pigments in the LH2. Phonons appear as static �uctuations

to the excitons within the B850 ring due to this fast coherent transfer [99]. The degree

of delocalisation within B850 is under discussion, with estimates ranging from 2 BChla

molecules to the entire B850 ring. One method to quantify delocalisation is the inverse

participation ratio linked to density matrix elements [94].

2.3.3 Quantum coherences

Quantum coherence among electronic excited states of di�erent pigments can allow for

the e�cient transfer of excitation energy between pigments. Coherence is represented by

o�-diagonal elements of the density matrix, with its signi�cance contingent upon the cho-

sen basis - either excitonic coherence in the exciton basisjki or electronic coherence in

terms of the site basisjni . All light-harvesting complexes exhibit high quantum e�cien-

cies of transforming an absorbed photon into a charge-separated state. This arises from

a balance between the transfer of excitations among pigments and the lifetimes of the

associated excited states. As previously discussed, dynamic disorder disrupts coherence

between states, resulting in excitation localisation and hopping transfer, especially in cases

of weak coupling between pigments. Under weak coupling conditions, the energy transfer

mechanism is often described as resonance energy transfer (RET), encompassing either

Förster RET or Dexter RET between pigments. However, in densely packed aggregates

like the B850 ring of LH2, electronic coupling between pigments can overcome dynamic

disorders, leading to the emergence of exciton states. In such scenarios, the Förster theory

which requires a de�ned distance between point dipoles may fall short in fully explain-

ing transfer rates, necessitating the application of more advanced theories. Among these

theories are generalised Förster RET [106], multichromophore FRET [107], and Red�eld

theory [108, 109, 110]. These delocalised states can span multiple pigments, implying that

electronic excited states comprise a superposition of various excited molecular states. This
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leads to two potential outcomes. Firstly, when a group of strongly coupled pigments act as

donors and acceptors, incoherent energy transfer occurs, which can be elucidated through

generalised FRET [106]. Secondly, the phase of excited states can undergo coherent quan-

tum evolution due to the strong coupling of the donor and acceptor, resulting in a wavelike

coherent energy transfer distinct from an incoherent hopping process. Long-lived oscil-

latory features in two-dimensional spectra obtained through two dimensional electronic

spectroscopy (2DES) measurements provide evidence for the coherent quantum evolution

of electronic excited states.

The dynamic disorder of the protein environment (phonons) also plays a role in modu-

lating electronic delocalisation. The coherence - whether electronic or exciton coherence

- strongly depends on vibrational states. Theoretical understanding of coherences be-

comes challenging in light-harvesting systems where the coupling between excitons and

phonons is comparable to the electronic coupling between pigments. Conversely, experi-

mental �ndings have sparked an ongoing debate concerning the role of coherent dynamics

in light-harvesting under normal sunlight illumination at room temperature, in contrast

to lab environments employing ultrafast laser pulses to explore ultrafast dynamics. There

exist a few comparative studies on LH molecules exposed to incoherent natural light and

ultrafast laser excitation [111, 112, 113].

When considering static disorder associated with low-frequency vibrational modes, a

Markovian approximation can be applied, involving only equilibrium vibrational states.

However, for high-frequency dynamic disorder, where the relaxation time is similar with

electronic dynamics, non-equilibrium phonons can engage in exciton-phonon interactions,

o�ering protection to coherences [114]. In the context of ultrafast 2DES, a broadband

pulse can create a de�ned superposition of multiple chromophore-excited states. As a re-

sult, it becomes possible to observe coherent dynamics in ensemble measurements through

oscillations in signal amplitude, corresponding to non-diagonal elements of the density

matrix, oscillating at a frequency equivalent to the energy di�erence two exciton states.

These oscillations are decaying with a certain dephasing time due to environment inter-

actions, involved states' lifetimes, exciton wavefunction overlap, and a phonon-assisted

relaxation between delocalised eigenstates. The 2DES spectra reveal the positioning of

cross peaks elucidates the implicated energy pathways, while the change of the amplitude

of these cross-peaks with population time delay reveals energy transfer. Both excitonic and

vibrational coherences can induce oscillatory signals in 2DES and distinguishing between

the two remains a subject of investigation. In 2DES experimental setups, it is imperative

for the broadband laser pulse duration to be shorter than the inverse of the oscillation

frequency of the cross peaks. If a broad laser pulse encompasses two states within a vibra-

tional progression, be it in the ground or excited electronic state, the resultant signal will

exhibit vibrational coherence. Conversely, when a well-de�ned phase is initiated between

two electronic states, electronic coherence will manifest. In the intermediary range, the

prevailing scenario involves a superposition of states with blended vibrational-electronic

attributes, thereby giving rise to vibronic coherence in 2DES observations.
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Figure 2.11: Schematic showing Stokes scattering, Rayleigh scattering and Antistokes scattering.

Investigations on Fenna-Matthew-Olson (FMO) conducted at physiological temperatures

have not detected any long-lived coherences thus not providing evidence for exciton co-

herences, except one study which showed long-lived coherences within the FMO complex

[115]. A recent review has introduced novel perspectives on the photosynthetic process,

suggesting that the incoherent hopping process between partially localised states repre-

sents energy transfer [116]. The coherences observed in the FMO complex could be due

to vibrational coherences [117]. In summary, the question of quantum coherence within

the light-harvesting process at physiological temperatures remains unresolved.

2.4 Surface enhanced Raman spectroscopy

In Ch. 6, we show low-temperature surface enhanced Raman scattering (SERS) measure-

ment results on the mRhubarb720 FP. Here, we give a short introduction to the termi-

nology to be used later.

When a monochromatic light interacts with the matter, it undergoes both elastic and

inelastic scattering. Most of the scattered photons have the same frequency as incident

photons (called elastic scattering or Rayleigh scattering), while a small fraction of scat-

tered photons have either a higher or lower frequency than the incident photons (called

inelastic scattering or Raman scattering). Considering an incident photon of frequency

� , which interacts with a molecule having initial energy Ei undergoes scattering. The

scattered photon has a frequency� 0, and the �nal energy of a molecule is Ef . According

to the conservation of energy,

�E = (E f � Ei) = h( � 0� � ) (2.12)

Stokes scattering occurs when the scattered photon frequency is smaller than the inci-

dent photon frequency, and Antistokes scattering occurs when the scattered photon has a

higher frequency than the incident photon. A schematic energy level diagram for Rayleigh,

Stokes and Antistokes scattering is shown in Fig. 2.11.

The emission lines observed in Raman spectroscopy serve as distinctive vibrational sig-

natures corresponding to the chemical bonds within a molecular system. These spectral
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features result from inelastic scattering of incident photons interacting with the vibrational

modes of di�erent chemical bonds. Each emission line corresponds to a speci�c vibrational

transition, providing a unique �ngerprint that characterises the molecular composition and

structure. An analysis of the intensity, frequency, and relative positions of these emission

lines gives insights into the molecular dynamics and conformational changes within the

molecular system.

The Raman scattering signal is relatively weak, and single-molecule vibrational studies

are challenging. Plasmonic nanostructures con�ne the light �elds below the di�raction

limit enabled by the collective oscillations of their surface plasmons and LSPR. The pos-

sibility of manipulating and localisation of optical �elds in small volumes enabled break-

throughs in single-molecule spectroscopy, enhanced sensing and information processing at

the nanoscale. Surface enhanced Raman scattering (SERS) has emerged as a powerful tool

for probing molecular vibrational dynamics with single-molecule sensitivity. In SERS, the

otherwise weak Raman scattering signals of individual molecules are enhanced due to cou-

pling with the plasmonic nanostructures, enabling the detection and characterisation of

molecules at extremely low concentrations. SERS has found applications in diverse �elds,

including biochemistry, biosensing, and materials science. There are di�erent techniques

employed to conduct SERS, by using scanning techniques such as tip-enhanced Raman

scattering (TERS), vibrational signatures of individual molecules with spatial resolution

beyond the di�raction limit have been explored [118, 119]. Another technique is a particle

on mirror plasmonic geometry where nano- and pico-cavities are created in the nanometer

sized gap in which the single molecules are probed [120].

2.5 Plasmonic nanostructures

We have conducted SMS and SERS studies on the LH complex LH2 and the FP mRhubarb720,

as presented in Ch. 5 and Ch. 6, respectively. Gold plasmonic nanoparticles were employed

in these investigations to facilitate the SMS and SERS techniques. In this section, we

brie�y introduce the fundamental concepts and terminology related to plasmonic nanos-

tructures, which are utilized in the following chapters.

Plasmonic nanostructures are generally metallic objects typically made from gold, silver

or aluminium which have dimensions smaller than the wavelength of the interacting light

and possess speci�c optical properties to manipulate light beyond the di�raction limit.

Also semiconductor materials can show plasmonic properties [121]. In this work, we focus

mainly on metallic plasmonic nanostructures interacting with visible and NIR frequencies

and having sizes of the order of 100 nm. Due to this small size, compared to the wave-

length of the interacting light and the mean free path of electrons in the metal, these

nanostructures possess optical properties which are de�ned by their shape and size.
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2.5.1 Optical properties of metallic nanoparticles

The response of a material to an externally applied �eld can be described by its optical

cross sections describing how strongly light interacts with the material for each optical

process, whether scattering of light, absorption, or �uorescence. Optical cross sections

are de�ned by the power removed from an incident plane wave per intensity and have

units of area. Usually, optical cross sections have positive values, with negative cross

sections de�ning material as a gain medium where power is increased. It is important

to mention that optical cross sections depend on the external interacting mode, such as

polarisation and frequency of the light. The total power lost by a mode interacting with

the nanostructure is the sum of loss due to absorption and scattering in the absence of

nonlinear interactions and inelastic scattering. This sum is called the extinction cross

section � exc given as

� exc = � abs + � sca (2.13)

The absorption (� abs) and the scattering (� sca) cross sections can be calculated analyti-

cally for homogeneous spherical objects in a homogeneous medium by solving Maxwell's

equations. The �rst analytical solution for spherical nanoparticles was given by Gustav

Mie in 1908 [122]. Under the Rayleigh limit, where the nanoparticle size is very small

compared to the incident light wavelength, it can be treated as a point dipole, and the

� abs and � sca can be estimated. For a spherical nanoparticle,� abs and � sca are expressed

as [122]

� abs = 4 �ka 3Im
�

� � � m

� + 2 � m

�
(2.14)

� sca =
8�
3

k4a6
�
�
�
�

� � � m

� + 2 � m

�
�
�
�

2

(2.15)

where � is the dielectric function of the nanoparticle, � m is dielectric constant of the

medium, k is the wavevector magnitude in the medium anda is the sphere radius. Ab-

sorption scales with the volume, whereas the scattering scales with the sqaure of the

volume. For nanoparticles of very small size, the absorption dominates the scattering.

The extinction cross section of a nanoparticle depends on the size, shape and dielectric

function of the metal.

2.5.2 Localized surface plasmon resonance

The electrical conductivity of bulk metals and the motion of free electrons are explained by

the free electron theory or the Drude model. A fraction of electrons in the bulk metals are

not bound to single atoms but are free to move around the material. These free electrons

play an important role in the optical properties of metallic nanoparticles. The bound

electrons only shift from their mean positions. Using the Drude model, the dielectric
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function of a metal can be determined from the conductivity of the metal, leading to,

� (! ) = 1 �
! 2

p

! (! + i
 b)
(2.16)

where ! p is the plasma frequency,! p =
p

nee2=�0me and 
 b is the bulk damping constant.

Plasma frequency describes the resonance behaviour associated with the collective oscilla-

tions of the free electrons, termed as surface plasmons. When the frequency of the incident

light matches with the plasma frequency, collective oscillation leads to the excitation of

surface plasmons. Below the plasma frequency, the dielectric constant is negative, and

light cannot propagate in the metal but is exponentially decaying [123].

The largest extinction cross section of a nanoparticle occurs at a frequency which is called

the localised surface plasmon resonance (LSPR). From Eq. 2.14 and Eq. 2.15, it is clear

that the LSPR occurs when � = � 2� m for a spherical nanoparticle. The LSPR has a

dependence on the shape, size and material of the nanoparticles. With the increasing size

of the nanoparticle, there is a redshift of the LSPR due to increased radiative damping by

retardation e�ects. Di�erent shapes of nanoparticles, such as nanodisks, oblate spheroids

and rod-like particles, exhibit interesting e�ects on the LSPR tunability and electric �eld

enhancement near the tips. An e�ect called the lightning rod e�ect is an accumulation of

free surface charges at the sharp spatial features, increasing the electric �eld in the vicinity

of the surface. This �eld enhancement is described by a �eld enhancement factor, which is

de�ned as the ratio of the local electric �eld at the nanoparticle to the incident �eld. Due

to this enhancement and con�nement of the electric �eld on the sharp spatial features,

plasmonic nanostructures have played an important role in di�erent applications ranging

from sensing [124] to enhanced single molecule detection [125]. Another e�ect associated

with the �eld enhancement is the Purcell e�ect. The radiative recombination rate of an

emitter is accelerated providing an overall �uorescent enhancement of an emitter in the

vicinity of the plasmonic nanostructure, making single-molecule studies possible [32, 126].

2.6 Photoluminescence

Photoluminescence is the re-emission of light by interband recombination after a semicon-

ductor is excited by a photon with energy greater than the band gap energy (Eg). An

energy band diagram explaining the photoluminescence phenomenon in a direct band gap

material such as GaAs is given in Fig. 2.12. When semiconductor material is excited by

photons, electrons are transferred from the valence band to the conduction band and leave

holes in the valence band. This process requires that the energy of a photon is greater

than Eg. Electrons are excited to higher states in the conduction band and rapidly lose

their energy non-radiatively by emitting phonons while transitioning between electronic

states within the conduction band until reaching the state where electrons are close to the

bottom of the conduction band close to thermal equilibrium within the band. In most

of the solids, electron-phonon coupling is very strong, and this phonon relaxation takes
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Figure 2.12: Schematic diagram for photoluminescence process in direct band gap semiconductors
after excitation with photon energy h� exc > E g. This transition is described by a vertical line in the
E � k diagram as photon momentum is negligible as compared to the electron. The electron (hole)
relaxes within the CB (VB) until it reaches the bottom (top) of CB (VB). Each step corresponds
to the emission of a phonon with a certain frequency and momentum, satisfying conservation laws.
Finally, radiative or non-radiative recombination occurs. Photon with energy h� exc is emitted in
radiative recombination.

place on a time scale of 100 fs which is much higher than the radiative lifetime, which is

a few ns. Thus, electrons relax to the bottom of the conduction band before undergoing

radiative or non-radiative recombination. Holes relax in the same way in the valence band.

From the bottom of the conduction band, electrons recombine with a hole with the same

k value and emit a photon.

In the quantum dot system, optical excitation is described by the formation of an ex-

citonic state where a pair of electrons and a hole form a quasi-particle exciton. The

photoluminescence emission from a QD can be explained by taking the excitonic e�ects

into consideration [127]. When the hole and electron recombine, they emit a photon cor-

responding to the energy bandgap of the material.

2.6.1 Zero phonon line and phonon-assisted transitions

When the incident electric �eld interacts with the electrons in the ground singlet state

of a molecule, it can excite the electrons to the �rst or higher excited singlet states. For

a simpler description, we consider here transitions to the �rst singlet excited state only,

which are relevant to our discussion. Depending on the frequency of the incident photon,

the electron can end up in high-energy excited vibrational levels within this excited singlet

state. From here, the electrons can relax radiatively or non-radiatively. One possibility is

that the electron might undergo radiative relaxation immediately from the excited vibra-

tional level to the ground singlet state, emitting photons of the same frequency or stokes

shifted depending on which vibrational level it relaxes to in the ground singlet state. An-

other possibility is that these electrons can �rst undergo a fast vibrational relaxation and
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Figure 2.13: (a) Jablonski diagram of a molecule with a ground (S0), excited (S1) singlet state
and �rst triplet state (T 1). (b) Zero-phonon line (ZPL) and phonon side band (PSB) emission and
corresponding to di�erent transitions between the ground and excited singlet state.

reach the ground vibrational state of the excited singlet state. It can undergo internal

conversion where the electron relaxes non-radiatively to the ground singlet state by vibra-

tional relaxation. A third possibility is intersystem crossing, where the electron can also

relax into the triplet state via vibrational coupling, which is an intermediate energy state.

From this triplet state, radiative relaxation to the ground singlet state occurs over a long

time since it is spin forbidden and requires a spin �ip, a few seconds or minutes, giving

rise to the phosphorescence.

Zero-phonon line (ZPL) emission refers to the emission line that would occur when an

electron relaxes from the �rst vibration level of the excited singlet state to the �rst vi-

brational level of the ground singlet state. This emission does not involve any vibrational

relaxation or phonon and is called zero-phonon line (ZPL). The emission of the photon by

radiative relaxation of an electron from the �rst vibrational level in an excited singlet state

can be accompanied by the emission or absorption of the phonons due to the interaction

of the excited electron with the vibrational motion and resulting in an emission of the

broad frequency side band called phonon side band (PSB). In Fig. 2.13, a Franck-Condon

principle is illustrated for two singlet states. The strength of the ZPL in comparison to

the PSB depends on the temperature. At high temperatures, there is enough thermal

energy to excite many phonons, and the probability of ZPL transitions becomes small.

The weight of the ZPL can be de�ned as the ratio of the ZPL area to the total area

under the emission curve. The Huang-Rhys factor for a given vibrational mode represents

the coupling strength between nuclear and electronic degrees of freedom and can used to

calculate the ZPL weight [128].
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2.7 Four-wave mixing transient spectroscopy

Investigating the coherent properties of semiconductor QDs is very important as under-

standing these individual quantum systems (qubits) is the pillar for quantum information

processing real-life applications. Coherence is de�ned as the ability of a qubit system to

maintain a well-de�ned spatiotemporal phase relation with the exciting electric �eld. In

our FWM measurements on PQDs, we excite the ground exciton state resonantly. This

interaction can be treated as the interaction of light with a TLS. For a TLS, we start by

considering a system which has two energy levels, Ea and Eb, which interact with light

frequency ! . The light-matter interaction of this TLS can be understood by solving the

time-dependent Schrödinger equation assuming the dipole approximation for the interac-

tion Hamiltonian. This allows us to determine the probability of �nding an electron in

each state in the presence of an external �eld. The general solution reveals an oscillating

population between states due to the coherent superposition of the two states, known as

the Rabi frequency. Decoherence is the loss of such coherence by various means, which

include coupling to the local environment in these systems. At cryogenic temperatures,

dephasing due to coupling with the environment is reduced by a signi�cant level, and the

only dephasing of the system is due to its intrinsic decay from the excited state by the

emission of photons. The population decay lifetime, i.e. time in which the population

from an excited state decays to its equilibrium value, is conventionally calledT1. The

dephasing time T2 is a measure of the duration for which coherence persists in a TLS

following the excitation. Any processes which do not alter the population of the state but

alter the phase of the coherence contribute to pure dephasing. Interactions with dynamic

disorders in the environment perturb the light-polarisation phase relationships of the TLS.

Over time, all phases become completely randomised, damping the Rabi oscillations.T2 in

the linear spectroscopy de�nes the dephasing time of the dipole moment oscillations in a

two-level system, and it is related to linear �rst-order polarisation P (1) . T2 can be experi-

mentally determined in the time domain by addressing the decay of �rst-order polarisation

by pulsed coherent light or in the spectral domain from the absorption spectral lineshape

directly and is given as the full width at half maximum ( 
 ) of spectral lineshape, where


 = 2=T2. Linear spectroscopy faces a limitation, with the exception of speckle analysis

of the resonant Rayleigh scattering [129, 130], in its inability to di�erentiate between the

homogeneous lineshape broadened by a fast irreversible relaxation process and the inho-

mogeneous broadening of spectral transitions resulting from the distribution of di�erent

frequencies. In any environment, there is a statistical distribution of the transition fre-

quencies, which is a function of local parameters. Destructive interference from di�erent

quantum systems leads to an e�ective decay timeT �
2 . Thus, dephasing time can no longer

be calculated from absorption spectral lineshape, which has inhomogeneous broadening

with a full width at half maximum (FWHM) ( � ) such that in the strongly inhomogeneous

broadened system� > 
 and intrinsic dephasing time cannot be calculated by deconvolu-

tion of width. Even in a single isolated quantum system, the measurement of �rst-order
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polarisation can be strongly a�ected by the local environment. Another limitation in linear

spectroscopy is its di�culty in distinguishing whether di�erent resonances in absorption

or emission spectra originate from di�erent, non-interacting quantum systems or from the

coupled quantum states within the same quantum system. Coupling or spectral correla-

tions between di�erent resonances cannot be resolved directly. Non-linear spectroscopy

provides this resolution where multiple excitation �elds with independent control over fre-

quency and arrival time can probe di�erent spectral features, unveiling the coupling or

correlations.

Four-wave mixing (FWM) spectroscopy is a powerful non-linear optical spectroscopy tool

to investigate the dynamics of charge carriers in semiconductors. The FWM experiment

probes third-order nonlinearity and has the inherent capability to assess the homogeneous

linewidth within an inhomogeneously broadened spectral lineshape. Transient FWM spec-

troscopy relies on the rephasing of third-order polarisationP (3) of an ensemble of qubits,

allowing for the extraction of intrinsic dephasing even in the presence of large inhomo-

geneous broadening. Transient FWM experiments were conducted to study carrier dy-

namics in GaAs islands [131, 132] and II-VI epitaxially grown QDs [133, 134]. With the

implementation of sensitive heterodyne detection, this technique has been applied to mea-

sure dephasing on many inhomogeneously broadened samples such as InGaAs QDs [17],

PbS [135] and cadmium selenide-zinc sul�de (CdSe/ZnS) colloidal QDs [136], cadmium

selenide (CdSe) nanoplatelets [137]. FWM with two-beam heterodyne spectral interferom-

etry (HSI) makes it possible to do FWM experiments on localized excitons in single QDs.

In HSI, both phase and amplitude of third-order polarisation are retrieved. Thus accessing

the multidimensional spectroscopy in excitation pulse delays [19]. HSI is a combination of

phase-stabilized two-dimensional FWM, and phase-sensitive selection of non-linear signal

used in heterodyne detected FWM.

2.7.1 Optical Bloch equations

In general, the electric polarisation P is a non-linear function of the electric �eld E. For

low-intensity excitation, only the �rst-order linear term is relevant where the �rst-order

polarisation P (1) is linearly dependent on the external electric �eld P (1) / E . However,

for higher excitation intensities, there is a need to consider the higher-order polarisation

terms. The polarisation is given as

P = � (1) E + � (2) E2 + � (3) E3 + ::: (2.17)

� (n) is the nth order susceptibility, and the �eld is de�ned by its angular frequency ! and

wavevector ~k. To predict the behaviour of a TLS under this oscillating �eld, a density

matrix approach is used. In density matrix formalism, the state of the TLS is described

by a density operator � , which contains information about the statistical distribution of
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the system's quantum states. For a TLS, the density matrix is given as

� =

 
� aa � ab

� ba � bb

!

(2.18)

where the diagonal elements� aa and � bb gives information on the population dynamics and

the o�-diagonal elements � ab and � ba are related to the induced polarisation. Assuming a

closed system for the densityn, the density matrix is written as

� =

 
1 � n p�

p n

!

(2.19)

where p is induced polarisation. The time evolution of the density matrix is given by the

Liouville equation
d
dt

� = �
i
~

[H; � ] (2.20)

where H is the interaction Hamiltonian in the dipole approximation. The time evolution

of the optically induced polarisations and densities are described by the optical Bloch

equations obtained from Eq. 2.20 [138].

In the transient degenerate two-beam FWM experiment, two beams are used, which are

centred around the same optical frequency! , generally the resonant frequency of interest.

Two �elds E1;2(r; t ) centered at t = 0 are delayed in time by � such that the total �eld

is E(t) = E1(r; t ) + E2(r; t � � ). In centrosymmetric media, third-order non-linearity is

the �rst non-linear term. To study the e�ects of di�erent orders of the �eld on diagonal

(population) and o�-diagonal (polarisation) elements of the density matrix, population and

polarisation terms can be expanded in the Taylor series from which optical Bloch equations

can be truncated to desired orders. Analytical solutions for optical Bloch equation (OBE)

equations can be derived by describing the incident optical pulses as delta pulses in the

time domain.

E(r; t ) = E1� (t)exp(i ~k1 � ~r) + E2� (t � � )exp(i ~k2 � ~r) (2.21)

2.7.2 Photon echo

We measure the third-order non-linear response corresponding to third-order polarisation.

Time evolution of third-order polarisation assuming excitation pulses as delta pulses, which

is a good approximation in the limit pulse width is smaller than 
 , is given as

P (3)
FWM / � 4e� i!t E�

1E2
2 � (� )� (t � � )e� (g� i! )( t � � )e� (g� + i! )� (2.22)

where � is the dipole moment projection along the �eld polarisation direction, g = i! 0 + 


with the resonance frequency! 0 and � Heaviside function. This polarisation is oscillatory

and decays with time T2 and is non-zero for� > 0 and � > t . The factor g� and g are of

importance when considering FWM signal from an inhomogeneously broadened ensemble

with transition frequencies given as distribution ! 0j . At time t = 2 � , the FWM polar-
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ization is proportional to e� 2
� independent of ! 0j and thus allows retrieving 
 even for

an inhomogeneously broadened ensemble. With N two-level systems in the ensemble, the

amplitude at t = 2 � is N times the amplitude from a single transition. At all other times,

the signals interfere randomly, and the average amplitude is only
p

N [139]. This signal

at t = 2 � is called photon echo. FWM signal has photon echo for� > 0 in the direction

2~k2 � ~k1 and is understood as the di�raction of pulse two by the density grating created

due to interference of pulse 1 and pulse 2.

The time integrated FWM intensity (Eq. 2.23) from an inhomogeneously broadened en-

semble decays with ratee� 4
 for � � � � 1 and from this decay rate dephasing timeT2 can

be evaluated as

jP (3)
FWM (!; � )j2 / � (� )

�
�
�
�exp

�
� 2
� �

(! 0 � ! )2 � 
 2

2� 2

�
erfc

�

 + i( ! 0 � ! )

p
2�

�
��
p

2

� �
�
�
�

2

(2.23)

2.7.3 Heterodyne spectral interferometry

In thin layers with in-plane translational symmetry, like single quantum wells, FWM

signal is emitted in both forward and backward directions, and by using apertures in

real and Fourier space, the background can be reduced, and a good signal-to-noise ratio

can be achieved. In the case of sub-wavelength-sized systems, directional selection is

no longer possible due to broken translational invariance, but one can use the temporal

stability of the system over the experiment time. One can use a frequency selection

scheme to distinguish di�erent orders. The excitation pulses are frequency shifted by radio

frequencies
 1;2 (< 
 ) by acousto-optic modulator pulse train then exhibit controlled phase

variations exp(i
 1;2). In HSI detection scheme, pulses are frequency or phase-shifted using

acousto-optic modulator (AOM) and later frequency-selected detection is used similar to

heterodyne detection. To understand the HSI detection scheme, let us assume pulse train

in the time domain with pulses centred around ! 0 and repetition period � rep given as

� rep = 2 �= 
 rep where 
 rep is the pulse repetition frequency. The pulse duration is much

shorter than the inverse of AOM frequency. Assuming the pulse envelope given byA(t),

the reference �eld in the time domain can be given as

Er (t) = Er (t) + c:c: with Er (t) = e� i! 0 t
X

n
A r (t � n� rep) (2.24)

where n is an integer. AOM generates a constant phase over pulse duration but varies for

di�erent pulses. The generated signal �eld (Es) can be separated into terms proportional

to di�erent orders of polarisation by interfering with the reference �eld after shifting

the phase by 
 D . The complex signal �eld, including the e�ect of mixing AOM, when

di�racted and overlapped with Er is given as

El1 ;l2
s (t) = e� i! 0 (l1+ l2 )t

X

n
A l1 ;l2

s (t � n� rep)e� i ( l1 
 1+ l2 
 2 � 
 D )n� rep : (2.25)
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The signal intensity detected as function of delay time and spectrally resolved onto the

charged couple device is given as

I a;b(!; t ) =
�

Er (!; t ) + Es(!; t ) + c:c
� 2

(2.26)

The term which is of interest here is the interference termI int = E�
r Es which contains

information on the signal �eld, and in terms third order polarisation. To detect this term,

we measure the intensity of two beamsI a;b detected simultaneously on the charge coupled

device (CCD) and then determineI m(! ) = I a � I b. Further, in order to remove erroneous

signals due to systematic variations of detection frequencies due to inhomogeneities in

CCD response, the o�set phase of the reference AOM drive is cycled between 0 and� .

Thus, we �nally detect 2 I d = I m(' = 0) � I m(' = � ) which suppress all the classical

and systematic noise due to non-interfering termsjEr j2 + jEsj2, allowing to measure weak

interference signal. The signal �eld is calculated from I d by taking advantage of the

experimentally adjusted property of Er to precede the signal �eld in time. From I d, Es is

obtained by F (� (t)F � 1(I d(w))) = 2 E�
r Es where F is the Fourier transform and � is the

heaviside function. Er is detected individually by blocking the signal �eld and measuring

I a;b. For di�erent driving frequencies of the mixing AOM ( 
 D ) di�erent �elds can be

measured,
 D = 
 1;2 measures the re�ected excitation �elds, 
 D = 2
 2 � 
 1 measures

the FWM signal �eld.

2.7.4 Coherent coupling

The FWM �eld is detected as a function of both the delay time � and the detection

frequency ! , corresponding to the spectral range detected on the CCD. Analysing this

transient FWM signal allows the generation of a two-dimensional representation, provid-

ing insights into both the probe frequencies and the detection frequencies. By Fourier

transform of EFWM (! det ; � ) along the delay time axis, we can recover the FWM �eld in

the frequency domain asEFWM (! det ; ! probe). This two-dimensional representation of the

FWM signal unveils the coupling between various transitions, which remains hidden in

conventional linear optical spectroscopy tools.

2.8 Summary

In this chapter, we have provided an overview of the key concepts to be discussed and

utilized in the subsequent chapters of this thesis. We began with a concise introduction

to the band structures of bulk semiconductors and the concept of quantum con�nement,

which serves as a foundation for understanding the experimental �ndings presented later

in Ch. 4. We then introduced the LH complexes, emphasizing molecular excitons and the

role of coherences in the light-harvesting process. Low-temperature single molecule spec-

troscopy on the LH2 complex are presented in Ch. 5. The concepts of surface plasmon
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resonance (SPR) and SERS were brie�y introduced, to be further explored in the context

of low-temperature spectroscopy of FP complexes utilizing plasmonic nanoparticles, as

detailed in Ch. 6. A brief explanations of photoluminescence in both semiconductor and

molecular systems in general to be utilized in the following chapters. Finally, we pre-

sented the concept of FWM transient spectroscopy, which is employed in the experiments

discussed in Ch. 4. Additionally, a theoretical introduction to photon echo and coherent

response for TLS was provided, along with an introduction to the HSI technique for FWM

experimental measurements.



Chapter 3

Experimental methods

This chapter brie�y describes the experimental setup used for di�erent spectroscopy tech-

niques, cryo-microphotoluminescence, FWM spectroscopy, ultrafast spectroscopy methods-

pump-probe spectroscopy and two dimensional electronic spectroscopy (2DES). In addi-

tion, a discussion of di�erent sample characterisation techniques is provided.

3.1 Cryo-microphotoluminescence spectroscopy

We performed cryo-microphotoluminescence spectroscopy measurements on di�erent emit-

ters including indium gallium arsenide (InGaAs)/GaAs PQDs, light harvesting complex

LH2, and di�erent FPs, to investigate their photophysical properties. The schematic of the

cryo-microphotoluminescence spectroscopy setup, used for experiments described in the

following chapters, is shown in Fig. 3.1. The sample is placed inside a closed cycle Helium

cryostat (Montana Instruments Cryostation C2), enabling spectroscopy over a wide range

of temperatures ranging from cryogenic temperature (4 K) to room temperature (300 K).

The sample holder is mounted on a piezoelectric stage inside the cryostat and has three

axes of movement with 10 nm sensitivity (Attocube nanopositioner ANC350) over a range

of 5µm in all three directions. The excitation laser beam is focused onto the sample plane

using a microscope objective (MO) of 0.85 numerical aperture (NA), also placed inside

the cryostat. A beam splitter, with high transmission and small re�ection, couples the

excitation beam into the MO. To this end, a fused silica wedge beam splitter is used,

which has one side uncoated and the other side coated with an anti-re�ective coating,

resulting in a high transmission (96%) and small re�ection (4%) from the uncoated side.

The MO collects photoluminescence in the re�ection direction. A high transmission beam

splitter ensures that most of the signal is transmitted in the detection direction. A pinhole

is used to keep only the �rst-order Airy di�raction of the signal created by the aperture

of the MO.

37
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Figure 3.1: (a) Schematic diagram for micro-photoluminescence experimental setup. A: aperture,
B1: spectrometer covering 380-580 nm, B2: spectrometer covering 570-1070 nm, BS: beam splitter,
CCD: charged couple device, CMOS: camera, FM: �ip mirror, FS: Fourier space, G: grating,
HeNe: Helium-Neon laser, HWP: half-wave plate, I: iris, L: lens, LD: laser diode, M: mirror, MO:
microscope objective, NF: near �eld, PBD: polarisation beam displacer, PH: pinhole, S: slit. (b)
Schematic for polarizer beam displacer (PBD), a spatial separation of 120µm between orthogonal
polarisations is achieved.

3.1.1 Excitation and detection selection

Since we are investigating various emitters with di�erent absorption and emission wave-

lengths, we need a setup that allows for the use of di�erent excitation sources and ap-

propriately �lters the detection. In the setup described above, it is possible to do both

resonant and non-resonant excitation photoluminescence measurements. In our micro-

photoluminescence experiments, we used di�erent excitation sources for di�erent sam-

ples, including a Helium-Neon laser (632.8 nm), tunable Ti: Sapphire laser in continous

wave (CW) mode, and an external grating tunable laser diode for excitation range be-

tween 830 nm to 870 nm (Sacher Lynx TEC-120, Sacher Lasertechnik Group). Further, to

eliminate the ampli�ed spontaneous emission (ASE), a grating is used in the beam path

for the external cavity diode laser. The excitation sources are mentioned in the next chap-

ters for each measurement. Di�erent excitation sources could be coupled as required using

�ip mirrors. In addition, di�erent bandpass �lters were used in the excitation direction to

suppress emission in wavelength ranges to be detected as luminescence. In the detection

direction, di�erent �lters were used to block the laser re�ection. The laser re�ection is

many orders of magnitude higher power than the luminescence. As a consequence, when
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subjected to dispersion within a spectrometer, it generates background noise attributed

to scattering and di�raction.

Excitation source excitation �lter detection �lter
Helium-Neon 632 nm 633/22 nm bandpass 632 nm notch �lter

Ti: Sapphire tuneable 700-720 nm 700/40 nm bandpass 750/40 nm bandpass �lter
Laser diode 840 nm external grating 892/55 nm band pass

Table 3.1: Di�erent excitation and detection �lters for various excitation schemes used in exper-
iments.

3.1.2 White light imaging

To observe the sample plane, examine the surface morphology, and accurately locate the

emitters, we require an imaging setup capable of performing these functions. In this setup,

white light imaging of the sample plane is also possible using the white light source coupled

using a removable beam splitter (BS). White light imaging uses Meiji Techno FL150 Fibre

Optic Illuminator with a 21 V-150 W halogen bulb with a colour temperature of 3250K as

a white light source. To achieve Köhler illumination, the white light source is placed close

to iris I 1, limiting the illuminated �eld size. I 1 is in the image plane of the far-�eld (FF)

(back focal plane) of the MO and controls the NA range of the illumination. Iris I 2 is

placed on the focal plane of lens L2 such that I2 is imaged onto the sample plane. It is

also the focal length distance from L1 to be illuminated by the directional plane of the

light guide. Köhler illumination with adjustable size on the sample and adjustable NA

independent of sample position is achieved in this way. Unless mentioned otherwise, a

long pass red �lter (<600 nm) is used just after iris I 2 to reduce chromatic errors, limiting

the white light range to the emission wavelength range. It also reduces the absorption

and thus, photobleaching of the sample by the white light. We can visualise and record

the white light imaging using either a Sony camcorder (DCR-TRV620E) or a CMOS

camera (Basler Ace 2, a2A3840-45µPRO integrated with Sony IMX334 chip 3840� 2160

2µm pixels, read noise 2 e, 70% QE). Notably, the former has a 25� optical zoom, allowing

us to see both a small sample region or an overview. Using a dual-lens system, L2 and L7,

L2 images the sample onto the pinhole, and L7 collimates the light again to enable imaging

with the near-�eld (NF) camera which is designed for imaging objects in in�nity distance.

NF of the sample is imaged onto a Sony camera shown as Camera NF in Fig. 3.1(a).

Alternatively, using a pair of �ip mirrors (FMs), NF of the sample plane can be imaged

onto the complementary metal oxide semiconductor (CMOS) camera (shown as CMOS

in Fig. 3.1(a). White light imaging of the sample plane and the photoluminescence signal

can be visualised and recorded on both cameras. Polarisation contrast imaging was used

to visualise plasmonic nanostructures in SMS studies by inserting two orthogonal linear

polarisers, one in the excitation and one in the detection between the BS and PH. The

polarisers used are wire grid polariser with aluminium grid (Mecan MLP-WG).
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3.1.3 Broadband photoluminescence and scattering measurement

The emission from di�erent emitters can exhibit distinct spectral features, ranging from

sharp emission lines to broad emission spectra. To capture the full range of emission wave-

lengths, we require a spectrometer capable of detecting a broad spectrum of wavelengths.

Two spectrometers were combined to acquire broad spectral information on the photo-

luminescence emission from di�erent samples. These spectrometers collectively cover a

broad spectral range from near ultraviolet (UV) to near IR. Photoluminescence signal

is imaged onto the input slit of two spectrometers after passing through a dichroic beam

splitter. The �rst spectrometer (Optosky ATP5020P-380-580-025, Photonic Solutions) de-

tects visible wavelength range from 380 nm to 580 nm with 0.1 nm/pixel resolution shown

as B1 in Fig. 3.1(a). The second spectrometer (Optosky ATP5020R-570-1070-025, Pho-

tonic Solutions) detects visible and near IR wavelength range from 570 nm to 1062 nm with

0.24 nm/pixel resolution shown as B2 in Fig. 3.1(a). These spectrometers are operated by

the supplied software to control the exposure time and average scans for the inbuilt CCD

detector.

In addition to photoluminescence measurements, these spectrometers were used to mea-

sure the scattering spectrum from the samples with gold nanorods (GNRs). The white

light excitation source was used for scattering measurement. Two orthogonal linear po-

larisers were used in the excitation and detection direction to suppress the re�ected light

and select the scattering from plasmonic nanostructures, which have a strongly anisotropic

response and thus create strong cross-polarised scattering. A reference spectrum (Iref ) of

white light re�ection is measured on the sample region without any features on the sample

surface. Then another spectrum (I) is measured with the same excitation and detection

conditions on plasmonic nanostructure positions on the sample. Finally, the scattering

spectrum is calculated by I/I ref .

3.1.4 High resolution spectroscopy

At low temperatures, the emission spectra from semiconductor QDs generally exhibit

sharp emission lines with typical linewidths ranging from a few meV to tens of meV. To

accurately observe these sharp features, a high-resolution spectrometer is required to ef-

fectively disperse the wavelengths on the detector. In this setup, to precisely measure the

sharp emission lines, the photoluminescence signal is directed onto the input slit of the

high-resolution spectrometer (with a spectral resolution of 15µeV) by passing it through

a sequence of lenses, L3, L4, L5, and L6. This custom-built spectrometer features a focal

length of 1.9 m, utilises a blazed holographic grating with a density of 1200 lines per mm,

and has a grating size of 120 by 140 mm2. Additionally, the grating has a blaze wavelength

of 900 nm, as reported in reference [140]. Lens L6 is mounted on a micrometre-driven lin-

ear translational stage, which can be adjusted in all three dimensions to couple the signal

transmitted through the PH into the input slit of the spectrometer. Photoluminescence

is measured spectrally and spatially resolved on a liquid nitrogen-cooled CCD (Princeton
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Figure 3.2: (a) Schematic for two-beam pump-probe non-collinear FWM experiment with direc-
tional selectivity for FWM signal. (b) Schematic of pump-probe FWM experiment with collinear
geometry and heterodyne detection by spectral interference with a reference pulse. Image repro-
duced from [141].

instrument CCD PIXIS-100 or PIXIS-400) at the output focus of the spectrometer.

For polarization-resolved photoluminescence measurements, a calcite crystal PBD of thick-

ness 1 mm is placed in front of the spectrometer input slit. When the photoluminescence

signal enters this birefringent crystal with its axis at 45� to the beam axis, it splits into

two orthogonal polarisations, vertical (V) and horizontal (H), each observing a di�erent

refractive index. These orthogonal components undergo "beam walk-o�" due to the bire-

fringence and follow slightly di�erent optical paths. A working principle of PBD is shown

in Fig. 3.1(b). Two polarisation components leave the PBD and are imaged onto the input

slit of the spectrometer at di�erent heights. These are recorded individually on CCD at

di�erent vertical positions, separated by approximately 6 pixels (120µeV). In addition to

this PBD, a half waveplate (HWP) is placed after lens L2, which can be rotated manually

to adjust the orientation of the basis of linear polarisation detection.

3.2 Four-wave mixing spectroscopy

We performed FWM spectroscopy measurements on the PQDs, to explore the coherent

coupling of excitons in spatially separated double QD system. The �ndings from these

experiments are detailed in Ch. 4. Here, we provide an overview of the experimental setup

employed for the FWM spectroscopy measurements.

Generally, in a transient FWM experiment, a sequence of synchronised three excitation

pulses with a typically sub-picosecond duration (shorter than the dephasing times in the

probed material) interact within the sample, generating a FWM �eld. The excitation

pulses are often derived from the same laser source and are separated along di�erent opti-
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cal paths using beam splitters. Two out of these three excitation pulses are used as pump

pulses, and the third one is used as a probe. Time-resolved information is obtained by

adding a time delay between the pump and probe pulses. The pump and probe pulses are

focused onto the sample, where a nonlinear polarisation related to third-order susceptibil-

ity ( � (3) ) is induced within the sample due to the interaction of pump and probe pulses

and a signal �eld is generated. This signal �eld is detected using a suitable detection

scheme. This is the general scheme for the FWM experiment. However, there are di�er-

ent experimental schemes to generate and detect the nonlinear responses. Traditionally,

a spatially resolved FWM signal is detected using the directional selectivity in thin �lm

studies. A three-pulse or two-pulse pump-probe excitation scheme excites the sample in a

non-collinear alignment as shown in Fig. 3.2(a). The pump and probe pulses are focused

on the sample at di�erent directions given by wavevectors,~k1 and ~k2, respectively. Usu-

ally, the pump pulse (E1) is stronger than the probe pulse (E2). Time-resolved dynamics

are observed by setting a time delay between the pump and probe pulse. The �rst pump

pulse, de�ned by its wavevector ~k1 and centred at optical frequency! 1, induces a polar-

isation in the material. The second time delayed probe pulse, de�ned by its wavevector
~k2 and centred at optical frequency! 2, interferes with this polarisation forming a density

grating. In a two-pulse experiment, the second pulse is then di�racted by this grating,

forming the FWM. This results in the generation of a FWM signal which has an amplitude

proportional to E�
1E2

2 and is emitted in the direction 2~k2 � ~k1. Momentum conservation

is met when twice the wavevector of the probe is equal to the sum of the pump and con-

jugate wavevector, 2~k2 = ~k1 + ~kFWM . Only this combination of wavevectors will result

in a conjugate �eld with the same carrier frequency. Other �elds corresponding to � (3) ,

such as third harmonic generation (E1E2
2 ), would be emitted with a di�erent frequency.

By spatial �ltering of the FWM signal, it is detected using a suitable detector. Such early

FWM experiments have been conducted by L. Schultheis et al. to investigate photon echo

generation in two-dimensional (2D) GaAs/AlGaAs multiple quantum wells structures us-

ing two-pulse excitation and directional selection of FWM signal [142]. The work by M.

Koch et al. where time-integrated FWM signal as a function of delay time between pump

and probe was measured with directional selectivity using two-beam FWM con�guration

and also time-resolved FWM signal detection using frequency up-conversion using a ref-

erence pulse [143]. Other examples are early work by W. Langbein [144, 145] where using

transient FWM spectroscopy measurements, decay times of biexcitons in low-dimensional

semiconductor quantum well structures were studied.

Another technique to detect the FWM signal is using a heterodyne detection scheme. In

heterodyne detection, FWM signal is separated from the pump and probe by frequency

selection rather than relying on directional selectivity. In this scheme, rather than relying

on the spatial invariance of the sample, temporal invariance is utilised. Temporal invari-

ance requires that all the relaxation times for optical nonlinearities are shorter than the

repetition rate of the laser. A collinear excitation scheme for pump-probe pulses is im-

plemented, which is necessary for studying waveguides. E�cient pulse interaction within
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a waveguide necessitates parallel propagation to ensure optimal overlap between pulses.

This is especially crucial in multimodal waveguides that support multiple spatial modes,

with the exception of single-mode waveguides, which only support a single spatial mode.

In addition, phase-matching conditions are easily satis�ed in collinear geometry. The �rst

experimental realisation of a novel heterodyne pump-probe technique for time-resolved ul-

trafast studies was done by K. L. Hall et al. to investigate bulk semiconductor ampli�ers

[146]. The general scheme of heterodyne detection is that the pump and probe are sepa-

rated at the detection stage by their di�erent frequencies rather than spatial selectivity.

Pump-probe pulses are frequency shifted by a few MHz using AOM before interacting

within the sample. A heterodyne detection scheme similar to Hall's, using lock-in detec-

tion and spectral analyser of the interference signal between reference and the probe pulse

using a Michelson interferometer, was done by Ho�mann et al. [141]. In this experiment,

the probe and reference pulse are frequency-shifted before interacting within the sample.

Later, probe and reference pulses undergo interference, and the FWM signal is measured

at the beat frequency between the probe and reference pulse [141, 147]. Here, the refer-

ence pulse is the local oscillator. A. Mecozzi and J. Mørk provided a theoretical analysis

of heterodyne pump-probe experiments [148]. FWM experiments with heterodyne detec-

tion scheme had further developments. Prof. Wolfgang Langbein and Prof. Paola Borri

contributed signi�cantly in this context. A known optical phase of a reference pulse was

required in a single detector scheme as used by K. L. Hall et al. [146] for measuring the

interferogram of reference and probe pulse. Using a balanced detection and dual phase

lock-in heterodyne detection scheme P. Borri et al. demonstrated measuring the FWM

�eld amplitude and phase simultaneously [149, 150, 151]. In 2005, Prof. Wolfgang Lang-

bein and Dr Brian Patton developed a novel HSI technique for two-dimensional FWM

experiments [19]. This novel approach combined the phase-stabilisation using di�ractive

optics and spectral interferometry from 2D femtosecond spectroscopy [152] and hetero-

dyne detection of a phase-sensitive selection of FWM signal as implemented by P. Borri

et al. [149]. This technique further allows doing FWM measurements in subwavelength-

size microscopic samples where spatial selection cannot be used, and the FWM signal

is not a simple photon echo but contains spectral and temporal features. Such studies

include FWM spectroscopy on single self-assembled CdTe/ZnTe QDs [153], investigating

photon echo formation in AlAs/GaAs/AlAs single quantum wells [154], studying coherent

control of polarisation in individual excitonic states in single quantum wells [155], investi-

gating the coherent response of individual exciton-biexciton systems [156] and 2D-FWM

spectroscopy to investigate the coherent coupling between distant excitons [157].

The schematic of the setup used for FWM spectroscopy in the present work is shown in

Fig. 3.3. The excitation source is a mode-locked Ti: Sapphire laser system (Coherent Mira

900-F), which relies on Kerr-lens mode-locking. This mode-locked laser system is pumped

by a diode-pumped solid-state laser system (Spectra Physics- Millennia eV-5), providing

a single-frequency 532 nm green output with 5 W output power. When an intense pump

beam passes through a medium, it modulates the refractive index creating a self-focusing
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Figure 3.3: Schematic of the transient FWM experimental setup. CBS: cube beam splitter;
AOM: acousto-optic modulator; MO: microscope objective; BS: beam splitter; FF: far-�eld; NF:
near �eld; PH: pinhole; L: lens; CCD: charge-coupled device.

Kerr-lens, which modi�es the e�ective cavity length and changes the mode shape so that

a slit can be used to select the pulsed mode as output. Ultrafast pulses are generated due

to constructive interference of in-phase longitudinal modes. The laser provides a pulse

width of 150 femtosecond (fs) and a repetition rate of 76 MHz, with a corresponding time

duration between two pulses of 13 ns. The maximum output power is around 800 mW

operating at 800 nm pumped by Millennia eV-5. This output power is attenuated using a

pair of HWP and a polariser before propagating further.

Using a cube beam splitter, this train of pulses is split into two co-polarised beams, which

propagate in orthogonal directions. These co-polarised beams then pass through a set of

AOMs in each arm to modulate the optical frequency by radio frequencies. The incident

train of pulses enters the AOM crystal at a speci�c angle, the Bragg angle. Acoustic

waves are generated within the crystal using an external radio frequency source. This

acoustic wave induces periodic changes in the refractive index of the crystal, generating a

di�raction grating. When optical pulses interact with this grating, they undergo di�rac-

tion. The undi�racted or zero-order beam continues propagating along the same path,

whereas the di�racted beams propagate along changed paths and are frequency shifted

by operating radio frequencies. This process is described in Fig. 3.4(a). In our case, the

�rst beam is the pump pulse P1, which is frequency shifted by radio frequency
 1 in

tens of MHz (79 MHz or so). AOM modulation frequency 
 1 is greater than 
 rep where


 rep is the repetition frequency of the pulse train. The second beam is the probe pulse

P2, which is frequency shifted by radio frequency
 2. In our experiment, pulse repe-
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tition rate is 
 rep = 2 � � 76 MHz and the AOMs are driven at 
 1 = 2 � � 79 MHz and


 2 = 2 � � 80 MHz. An undi�racted part of the second beam with original optical fre-

quency ! 0 is used as reference pulse Pr .

The frequency-shifted pump pulse P1 passes over a translational stage and a retrore�ector

to create a time delay (� ) between the pump and probe pulse such that� is positive for

P1 leading P2. The entire setup is enclosed, and additionally, the delay line stage of the

setup is separately encapsulated, including AOMs, etc, to minimise the impact of air�ow

and associated temperature gradients creating beam walk and phase instabilities. After

the delay line, P1 and P2 recombine in a cube beam splitter into the same spatial mode

de�ned as Ps. Ps and Pr �ll the FF of MO with 0.85 NA and are focused onto the sam-

ple plane termed as NF after passing through exactly same optical elements to minimise

phase �uctuations. The sample is placed inside a closed cycle Helium cryostat. The MO

is placed inside the cryostat, and the FWM signal is detected in the re�ection direction

and is collected by the same MO. The beam splitter coupling the Ps and Pr �elds into

the MO has low re�ectivity (4%) and high transmission (96%) to have high transmission

of weak FWM signal in the re�ection direction. Using an aperture with two holes each

Ps and Pr , spatial �ltering is done in the intermediate image plane. This is done to keep

only �rst-order Airy di�raction created by the MO and to remove any spurious re�ections.

Spatial �ltering is done to choose the particular region of interest on the sample and to

remove the tails created by the objective aperture for both the signal and reference beams.

A lens L1 images the sample real space at an intermediate image plane where two pin holes

are used for reference and signal �eld. After spatial �ltering, Ps and Pr are imaged in their

directional space on mixing AOM by dual lens system L2 and L3 which image FF of sample

in mixing AOM. Two beams enter the mixing AOM at di�erent angles (corresponding

to their di�erent positions on the sample) and spatially overlap inside the AOM. The

angle at which two beams enter AOM is chosen to be the Bragg angle so that di�racted

beam from Ps overlaps with Pr and vice-versa with50%di�raction e�ciency. These mixed

beams Pa and Pb are passed through a dual-lens systems L4 and L5 which image NF of

the sample at the input slit of high resolution (15 µeV) spectrometer such that two beams

are spatially separated and the FF of the sample is imaged onto the grating of the spec-

trometer. The spectral resolution is achieved by dispersing the signal and reference beams

using a home-built spectrometer as previously described in Sec. 3.1.4. The mixing AOM is

driven at the beat frequency
 D to be detected, which in this case is FWM beat frequency

2
 2 � 
 1. The intensities Ia;b(!; t ) of Pa;b are detected by a liquid-cooled CCD at the

output focus plane of the spectrometer. In our experiments, we used two di�erent CCD

cameras, Princeton instrument CCD PIXIS-100 with 1340 � 100 square pixels of 20µm

length. Both cameras can be cooled down to -70� C to reduce dark noise. This scheme

enables the detection of FWM signal in both amplitude and phase. A formalism is given

below to better understand the HSI detection scheme.

In our experimental setup, we use a pulse train with repetition rate 
 rep and repetition



46 3.2. Four-wave mixing spectroscopy

Figure 3.4: (a) Typical solid-state AOM working, the incident beam is frequency upshifted by
di�raction by a travelling acoustic wave inside the acousto-optic crystal generated by a radio
frequency (RF) source and a piezoelectric trasnducer. (b) The e�ect of AOM on the train of
incident pulses, each consecutive pulse in the di�racted beam, attain a well-de�ned phase shift.
Image reproduced from [157].

period � rep, given as� rep = 2 �= 
 rep. This pulse train can be mathematically described as

E(t) = A(t)e� i! o t + A(t � � rep)e� i! o t + ::::: (3.1)

where, ! o is the center frequency for the pulse envelope andA(t) describes the �eld at

time t = 0 . Eq. 3.1 can be rewritten as the series ofn pulse envelopes.

E(t) = e� i! o t
X

n
A(t � n� rep) (3.2)

A cube beam splitter splits this pulse train into two beams which are frequency shifted

by AOMs. The e�ect of AOM on the incident �eld can be understood with the help of

Fig. 3.4(b). Each consecutive pulse in the sequence acquires a well-de�ned phase shift

imposed by the AOM driving radio frequency 
 .

E(t) = A(t)e� i! o t + A(t � � rep)e� i! o t e� i 
 � rep + ::::: (3.3)

E(t) = e� i! o t
X

n
A(t � n� rep)e� in 
 � rep (3.4)

After splitting E(t) into two beams E1(t) and E2(t), these beams are frequency upshifted by


 1 and 
 2 receptively. This introduces a slow shift of mutual phase relation betweenE1(t)

and E2(t) as we have changed phase relation to small frequencies in few MHz compared

to their optical frequency ! o.

E1(t) = e� i! o t
X

n
A1(t � n� rep)e� in 
 1 � rep (3.5)

E2(t) = e� i! o t
X

m
A2(t � m� rep)e� im 
 2 � rep (3.6)

A third-order non-linear response function corresponding to FWM process is generated
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by the excitation �eld E1(t) + E2(t + � ) inside the material, where � is the delay time

between two �elds. This response function is detected in the re�ection geometry and is

proportional to the complex product of two �elds E�
1E2

2 for positive delay times (� > 0),

meaning E1 leading E2. FWM response function is given as

R� 1;2
s (t) / E �

1 (t)E2
2 (t)

=
�
ei! o t

X

n
A �

1(t � n� rep)ein 
 1 � rep
��

e� 2i! o t
X

m
A2

2(t � m� rep)e� i 2m
 2 � rep
� (3.7)

For heterodyne detection, we consider the time invariance condition that the sample is

stable over the measurement time. Additionally, we assume that the dephasing time of

the material is much shorter than the pulse width and all the coherences such that the

relaxation time of nonlinear optical processes occurring in the material of interest is much

shorter than � rep � 13ns so that only terms with m = n will interfere [148] .

R� 1;2
s (t) / e� i! o t

X

n
A �

1(t � n� rep)A2
2(t � n� rep)e� in (2
 2 � 
 1 )� rep

= e� i! o t
X

n
AFWM (t � n� rep)e� in FWM � rep

(3.8)

where, AFWM = A �
1A2

2 and FWM = 2
 2 � 
 1. R1
s(t) de�nes the direct re�ection signal

which is much stronger than FWM signal R� 1;2
s (t). However, we can still extract FWM

signal using auxiliary reference pulseEr . This reference �eld is an unmodulated beam and

is given as

Er (t) = e� i! o t
X

n
A r (t � n� rep) (3.9)

In heterodyne spectral interferometry, a spectral interferogram is obtained between the ref-

erence �eld Er (t) and signal �eld Es(t). Signal �eld Es(t) corresponds to the re�ected signal

from the material, which has both the components, the re�ection response functionR1
s(t)

and FWM response functionR� 1;2
s (t). Es and Er enter into a mixing AOM at Bragg angle

such that they superpose each other in the output of AOM with 50% di�raction e�ciency.

Mixing AOM is driven at FWM heterodyne beat frequency 
 D = 2
 2 � 
 1 = 
 FWM . This

AOM frequency upshifts the reference �eld by 
 D or frequency downshift signal �led by


 D by the driving frequency 
 D and two �elds are di�racted onto each other. In both

cases, the frequency di�erence between the FWM signal (R� 1;2
s (t)) in Es(t) and Er (t) is

zero so that their interference can be seen on the CCD which has a long exposure time.

After the mixing AOM, intensity of mixed beams P a;b(t) is measured on the CCD camera

which is given as

Pa;b(t) =
1
2

jEr (t) + Es(t)j2

=
1
2

�
jEr (t)j2 + jEs(t)j2

�
� R

�
E�

r (t)Es(t)
� (3.10)

Mixed beam intensities, Pa(t) and Pb(t), are measured spectrally resolved individually by a
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spectrometer. Direct access to the signal-reference interference componentR
�
E�

r (t)Es(t)
�

is obtained by subtracting spectrally resolved intensities Pa(t) and Pb(t). We obtain a

spectrally resolved interferogram containing only the interference component of the signal

and reference �eld. By driving the mixing AOM at FWM beat frequency, 
 D = FWM , we

obtain the spectrally resolved FWM signal (J (! 3)) measured directly which is given as

J (! 3) = P a � Pb = R
�
E�

r � Es � eiFWM t � (3.11)

Higher-order nonlinear responses corresponding to six or eight-wave mixing can also be

measured by choosing
 D appropriately. Using prior knowledge from the causality prin-

ciple and order of excitation pulses, we can extract FWM signal in both amplitude and

phase. Reference �eld precedesE1 and E2 by few picoseconds and is measured individually

on the CCD by blocking excitation �elds E1 and E2. First step is to divide J (! 3) by mea-

sured reference �eldE�
r . Then an inverse Fourier transform is done to get a time-resolved

interferogram, F � 1[J (! 3)]. This quantity has two time-reversed components; only posi-

tive time is physical due to the causality of the response. Thus, a Heavy-side function

� is applied on F � 1[J (! 3)] to isolate the physical signal. As the �nal step, the inverse

Fourier transform is done to obtain only the signal �eld in the spectral domain. This signal

�eld corresponds to the FWM �eld when mixed AOM is driven at FWM beat frequency.

FWM �eld is obtained spectrally resolved with both amplitude and phase information by

a complete procedure of [19, 153]

EFWM (! 3; � 12) = F
�
�

�
F � 1�

J (! 3; t12)
���

(3.12)

3.3 Sample characterization

Sample preparation and characterisation are a crucial part in achieving plasmonically

enhanced SMS. Characterising the samples guides the preparation protocol development

with feedback and important information on the composition and spatial distribution of the

molecules and the plasmonic nanoparticles (NPs). A range of characterisation techniques

were employed. We relied mostly on optical imaging methods including phase contrast,

polarisation contrast and room-temperature �uorescence imaging techniques. In addition,

we used atomic force microscopy (AFM) to characterise the spatial distribution of GNRs

and the polyvinyl alcohol (PVA) polymer matrix.

3.3.1 Quantitative di�erential interference contrast imaging

Optical microscopy imaging techniques not requiring labels are a valuable asset for investi-

gating biological samples, including cells and tissues. Compared to �uorescence microscopy

techniques, quantitative phase imaging (QPI) techniques have the advantage of negligible

photobleaching and phototoxicity. Furthermore, label-based imaging techniques are not

generally quantitative and depend on the preparation method, which is the staining of
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Figure 3.5: Schematic for quantitative di�erential interference contrast (qDIC) setup. Image
reproduced from [158].

biological specimens. QPI is translating optical path length di�erences due to refractive

indices structures of the specimen into quantitative imaging maps. The image contrast

in QPI signal relies on the di�erence in the refractive indices of the specimen and the

surrounding environment. The image contrast de�nes the level of clarity with which a

subject of interest is distinguished from the background.

The only requirement for the specimen in transilluminated QPI is that it should be opti-

cally transparent with little absorption. This puts a limit on the thickness of the sample

to be investigated. On the one hand, a thin thickness below the wavelength (depth of

�eld of imaging) will produce a minimal contrast due to weak scattering. This is the

case in thin slices of tissues or single cells where stained imaging has been the preferred

histopathological method. On the other hand, in very thick samples, multiple scattering

is dominating such that QPI cannot be performed.

Frits Zernike discovered the idea of phase contrast microscopy in 1932 and demonstrated

its use in 1935, leading to his Nobel prize for this work in 1953. His idea was based on

Abbe's understanding of imaging in optical microscopy, an image of a specimen is a com-

plex interferogram by the superposition of light waves emerging from samples at di�erent

angles. When the di�erence in the refractive index of the specimen and its background is

so small, structures refract very little light in such cases, and the image obtained cannot

describe the change undergone by the incident light. The little di�racted light is retarded

by one-quarter of the wavelength from the undi�racted, referred to as direct light, by

most of the biological specimens. Interference of partially coherent direct and di�racted

light waves at the intermediate image plane produces the phase contrast map with little

amplitude contrast due to a small phase delay between two waves. Further, the amount

of direct light overwhelms the di�racted light, which gives low contrast. To enhance con-

trast, Zernike added further a 90� phase shift between direct and di�racted light using a

special phase plate in the back focal plane of the objective lens and a phase annulus in

the condenser [159, 160].

This standard Zernike phase contrast microscopy which uses an annular ring aperture

for illumination improves the spatial resolution and contrast as compared to the plane

wave illumination, but this leads to some artefacts, including halo and shade-o� e�ects



50 3.3. Sample characterization

[161]. The major advantage of di�erential interference contrast (DIC) over phase contrast

imaging techniques is that it uses the full aperture for illumination and achieves better

contrast. Further, even thick specimens can be investigated using DIC in both transillu-

mination and re�ected geometries.

The di�erential interference contrast (DIC) microscope setup used for our measurements

is similar to any commercially available DIC microscope. A brief description of how dif-

ferent optical components are arranged is as follows. A polychromatic light source is

�ltered using a �lter of well-de�ned peak wavelength and a bandwidth of around 50 nm.

Prior knowledge of the excitation wavelength is required to allow for quantitative analysis.

This monochromatic light, partially coherent with a few microns coherence length, passes

through a de Sénarmont compensator comprising a standard polariser and a quarter wave-

plate (QWP). The idea of using de Séarmont compensator instead of a standard polariser

alone is to control the �eld 's polarisation precisely. This component provides light with

components at � 45 degrees to the optical axis of the QWP. These components maintain

a consistent amplitude but exhibit changing phase shifts as the polariser is rotated. The

�eld after de Sénarmont compensator is given by the Jones vector in equation Eq. 3.13

where E is the electric �eld vector, Eo is the �eld amplitude, and  is the angle between

the optic axis of the polariser and the fast axis of the QWP.

E = Eo
1

p
2

 
1

e2 i

!

(3.13)

This polarised light then arrives at the Wollaston prism located at the condenser's back

focal plane. A Wollaston prism consists of two wedged uniaxial birefringent crystals �xed

together so that their optical axes are perpendicular, along and across the wedge. The

light incident at the �rst triangular prism, which has an optic axis along the face of the

wedge, has �elds along the ordinary (fast axis) and extraordinary axis (slow axis) due to

birefringence. These two rays move parallel within the �rst prism since the optical axis

of the �rst prism is orthogonal to the beam axis. As these rays travel to the interface

between two triangular prisms, they refract in opposite directions due to the orthogonal

optic axis of the second prism, creating a refraction at the interface due to switching of the

refractive indices from no to ne and vice-versa. Two orthogonal beams exit the prism and

are collimated by the condenser. By Snells's law, the wedge angle of the prisms determines

the diverging angle, and the two orthogonally polarised rays are separated spatially by a

certain distance called shear vectors. This distance is often similar to but typically below

the optical resolution of the system. These rays pass parallel through the sample, shown

as green beams passing at two di�erent positions on sample plane (Fig. 3.5),r + s=2 and

r � s=2, where r is the DIC image coordinate. The relative phase di�erence between these

two beams at DIC image position r is given by Eq. 3.14.

�( r ) = �
�

r +
s
2

�
� �

�
r �

s
2

�
(3.14)
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The two beams attain relative phase di�erences based on the di�erent heterogeneity of

the specimen. After passing through the specimen, two beams are collected by a MO.

In some DIC setups, having a Wollaston prism at the back focal plane of the condenser

or MO is impractical if this virtual point of splitting can be located inside the objective

at its back focal plane, where there is no physical space to host a Wollaston prism. In

such cases, a Nomarski prism is used instead of a Wollaston prism. A Nomarski prism is

similar to a Wollaston prism, with the di�erence being that the optical axis of the �rst

crystal is at an oblique angle to the incident beam direction. This leads to the divergence

of the extraordinary and ordinary beams in the �rst prism. At the interface of two prisms,

two beam starts converging and �nally converge at a point outside the prism. Since the

converging point is outside the prism and can be tuned by the wedge angle between two

triangular prisms, it has an advantage over the Wollaston prism [162].

In our setup, a Nomarski prism recombines these two orthogonal polarised beams at the

back focal plane of the MO. Finally, light is passed through an analyser before being

detected on the detector. Any change in the relative phase results in a di�erent polarisa-

tion state compared to the polarisation state after the de Sénarmont compensator. The

detected intensity I d at point r on DIC image plane is given by Eq. 3.15 whereI ex is the

excitation intensity ( / E 2
o).

I d(r ;  ) =
I ex

2
[1 � cos(2 � �( r )] (3.15)

The relative phase di�erence (�( r )) is usually weak depending on the di�erence between

the refractive indices of the sample and background and sample's thickness. Based on the

sample heterogeneity, is chosen to maximise the DIC image contrast. For thin samples,

if  is close to45� , I d will have little dependence on the�( r ) and image contrast will be

poor. DIC image contains quantitative information of the hase-gradient along the shear

direction. Di�erent quantitative methods have been employed to retrieve the phase pro-

�le over the specimen by modi�cations of conventional DIC microscopy. Some of these

techniques are geometric phase shifting technique where Fourier transform is employed

to recover the exact phase pro�le [163], transport of intensity approach to DIC [164],

rotational diversity method by taking DIC images along di�erent shear directions [165],

and taking DIC images in di�erent shear directions using phase masking by spatial light

modulator (SLM) [166].

In our case, an approach based on Wiener �ltering is used to recover the phase pro�le over

the specimen with the conventional DIC full aperture illumination setup [167]. In this ap-

proach, the phase pro�le is obtained by spatially integrating the DIC image in the Fourier

transform domain and then doing an inverse transform using Wiener deconvolution. The

Wiener part is the regularisation of the integration factor, which diverges for zero spatial

frequency. A detailed mathematical explanation of this approach is provided in [158]. Two

images are taken at opposite angles of the polariser to get data independent of spatial

dependence ofI exc(r ). The contrast image is obtained by Eq. 3.16
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I DIC (r ) =
I out (r ;  + ) � I out (r ;  � )
I out (r ;  + ) + I out (r ;  � )

(3.16)

For a small relative phase di�erence (� � 2 > �( r ) > � 2 ), DIC intensity at position

r is reduced to Eq. 3.17. Finally, by inverting Eq. 3.17 analytically, the �( r ) is obtained

from Wiener deconvolution and phase pro�le � is attained over the specimen.

I DIC (r ) =
sin(2 ) sin(�)

1 � cos(2 ) cos(�)
(3.17)

This approach has features to reduce the artefacts caused by the integration, which makes

it di�erent from other approaches which use Wiener deconvolution[168, 169]. Wiener �lter

has the form given as Eq. 3.18

W =
1

� + ( �� � ) � 1 (3.18)

where, � is the Fourier multiplier given as

� = 2i sin
�

s � �
2

�
(3.19)

used to recover the� from � (r). � is the signal-to-noise ratio factor incorporated into the

Wiener deconvolution, which can be tuned to change the intensity and shape of the �lter

to amplify the spatial frequencies.

The used DIC setup is a customed commercially available inverted Nikon Ti-U microscope.

A 100W pillar illuminator halogen lamp was used for transillumination. To avoid the in-

tensity drift over measurements, the lamp output was kept constant for 30 minutes before

any measurements. A 100� , 1.45 NA oil immersion MO (Nikon Plan Apochromat Lambda

MRD01905) was used with a 1� tube lens. For images taken with the 100x objective,

1.34 NA (Nikon MEL41410) condenser was used. The lateral and axial sample positioning

was controlled by a Prior Proscan III, with a stepper motor driven x-y stage (0.01µm

step size,< 1µm repeatability) and z stage for focus (2 nm step size). In the detection,

a Hamamatsu Orca 285 CCD camera is used, which has 1344 (horizontal)� 1024 (vertical)

pixels, of size 6.45� 6.45µm2. Each pixel on the camera is equivalent to 64.6 nm on the

sample surface with this con�guration of MO and tube lens. This camera has 18,000 e

full well capacity and 8 e read noise. For qDIC, the illumination light was �ltered by a

Schott BG40 �lter to match with the visible operational range of the polariser, analyser

and the DIC prism and suppress wavelength 700 nm. A green interference �lter (GIF)

(Nikon MBN11200) was used to have a partially coherent illumination for qDIC with a

known peak wavelength and bandwidth of 50 nm. An exposure time of 120 ms and an

averaging of 100 was used for taking two DIC images for each region of the sample with

+15 � and -15� phase o�set ( ). A Nikon N2 DIC slider (MBH76190, 100� I) was used after

the objective, and a Nikon N2 DIC prism was used in the condenser, providing a shear

distance of 238 nm.

Another DIC setup available on a customed commercially available Olympus BX-50 mi-
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croscope was also used for sample characterisation. This setup uses a 100W-12V Tungsten

lightbulb as the light source. A 20� 0.5 NA MO is used to take DIC images which are

detected on Canon EOS500D camera with 4752� 3168 pixels providing a 1� magni�cation

with a scale of 233µm per pixel. A DIC prism with a shear vector magnitude of 650 nm

with a shear vector direction at 45� was used.

3.3.2 High-resolution �uorescence microscopy

An important property of the sample preparation for SMS is the concentration of �uo-

rophores in the sample to be investigated. A SMS sample should have a very low con-

centration of �uorophores down to nano or pico-molar range [170, 171]. To ensure that

individual �uorophores are separated from each other by a few microns so that they can

be resolved individually in the di�raction-limited excitation and detection focus. Too low

concentration reduces the probability of �nding an emitter emitting at low temperature,

which was found in our low-temperature measurements to be discussed in the next chap-

ters. Since in our experiments, we are using plasmonic nanoantennas to do SMS, providing

local �eld enhancement in volumes much smaller than the di�raction-limited volumes, and

we can work with up to 100µM concentration [126, 170, 172, 173]. One can calculate the

average distance between the �uorophores from a known concentration of �uorophores in

solution and the thickness of the polymer matrix in which these are embedded. However,

the real distribution of �uorophores within the polymer matrix can be inhomogeneous,

with some �uorophores having a tendency to form aggregates. Thus, it becomes impor-

tant to investigate a titration series of di�erent concentrations to determine which is ideal

for our low-temperature SMS experiments. We relied on optical imaging techniques to

investigate samples with di�erent �uorophore concentrations. A high-resolution wide-�eld

epi-�uorescence imaging technique was used to observe room-temperature �uorescence

emission quantitatively.

The setup used is based on the same inverted Nikon Ti-U as used for qDIC. A Prior

Lumen 200 W metal halide lamp is used for illumination which has in-built six manual

light attenuation settings. Di�erent �lter cubes were used for di�erent �uorophores. For

mRhuabrb720, we used a Brightline long pass �lter set (mCherry-40LP-A-000) with a

single band exciter �lter 562/40 nm (centre wavelength/bandwidth), long pass dichroic

at 580 nm, and long pass emitter �lter with a cut o� at 593 nm. We also used a second

Ti-U �lter cube with an exciter �lter 641/75 nm (Edmund Optics 67-036), emitter �lter

732/68 nm (Edmund Optics 87-758), and a single band dichroic 695 nm to 810 nm (Ed-

mund Optics 67-085). This �lter cube was also used in a second Ti-U microscope, which

had an LED based source providing di�erent illumination con�guration. An incoherent

illumination with a red (634/21 nm) LED from Bluebox (BN7-LED-630-001) was used for

the excitation of mRhubarb720. The excitation power at the output of the light guide

full LED power was 276 mW. To avoid photobleaching due to high excitation powers, dif-

ferent LED power was used, and neutral density �lters were used where required. On
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second Ti-U microscope, we used a sCMOS camera (PCO edge 5.5 RS M WAT CL) as

the detector.

3.3.3 Polarization contrast imaging

Polarisation contrast imaging is another optical imaging technique where image contrast

relies on the birefringence of the specimen. The optical setup for this imaging method re-

quires adding two polarizers. The �rst polariser is placed between the illumination source

and the condenser, and the second polariser is placed between MO and the detector. These

two polarisers are aligned at 90� relative to each other, which cancels out any background

transmitted light typically by about two orders of magnitude (limited by residual Ob-

jective birefringence and dichroism), and the image appears dark in the absence of any

birefringent specimen in the illuminated region. Any structure with birefringence will ap-

pear as bright on this dark background.

When an unpolarised light from a lamp passes through a linear polariser, it will trans-

mit only the electric �eld vectors, which are aligned along the axis of the polariser, and

all other orthogonal �eld vectors are blocked. In a polarisation contrast imaging setup,

the �rst polariser acts as a polariser and the second as an analyser. When the linearly

polarised light enters a birefringent specimen, the polarisation state is altered, and beam

gets split into two orthogonal polarised �elds due to di�erent optical anisotropy of the

material. Passing through the analyser, the transmitted light intensity after the analyser

depends on the angle between the axis of the two polariser and analyser.

We used polarisation contrast imaging to determine the distribution of the GNRs on the

glass coverslip embedded in the PVA polymer matrix. Glass generally has no birefrin-

gence so that a glass coverslip will appear dark. Plasmonic NPs have a large scattering

cross-section compared to their LSPR. Due to the shape of the GNRs, it has unique

anisotropic optical properties [174]. Speci�cally, the LSPR in linearly polarised along the

GNR, creating a strong absorption and scattering for this polarisation component. Cross-

polarised detection suppresses the background and identi�es the anisotropic GNRs from

other features on the coverslip to reveal the shape and size of the GNRs with background

suppression. In addition, the orientation of di�erent GNRs can be visualised due to the

di�erent weight of the LSPR wavelength compared to the SPR wavelength around 500-

550nm

In our setup, we used an upright Olympus BX50 microscope where the condenser and

illumination source is below and MO is positioned above the specimen. A 12 V, 100 W

Tungsten Halogen lamp is used for even illumination. A daylight colour correction �lter is

used to convert the colour temperature of the halogen lamp of 3000 K to a daylight colour

temperature of 5500K by a smaller transmission of red light. To control the illumination

intensity, two neutral density (ND) �lters are available, ND6 and ND25, which provide a

transmission intensity of 6% and 25% within the visible range, respectively. A condenser

of adjustable NA (0.6 to 0.9) is used having also an insertable and rotatable holder for a
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polariser. The specimen is placed on an adjustable sample stage for a microscope slide. It

has vertical focus adjustment with a micrometre readout and x-y movement with a 100µm

scale reading. For these measurements, we used either 20� , 0.5 NA or 100� oil immer-

sion 1.30 NA MOs. Above the MO, an analyser is placed into the holder. A consumer

Canon EOS 500D digital camera is used as a detector. This camera has a resolution of

4752� 3168 pixels with sensitivity from ISO100-3200 and an integration time of 1/4000 s

to 32 s. The two MO lenses, resuult in a resolution of 233 nm per pixel and 46 nm per

pixel, respectively.

3.3.4 Atomic force microscopy

The �uorescence enhancement factor for an emitter in the vicinity of the plasmonic NP

is a function of the distance between the emitter and nano-antenna. Understanding the

surface morphology of the samples, on the nanometer scale, to be investigated to demon-

strate SMS using plasmonic enhancement becomes important. A uniform distribution of

GNRs over the glass coverslip and their embedding in the PVA polymer matrix is desired

to provide a large region of comparable surface density and to embed �uorophores within

the PVA. We employed two optical imaging techniques, DIC imaging to measure the �lm

thickness of PVA polymer matrix and epi-�uorescence imaging to visualise and quantify

the distribution of �uorophores in the polymer matrix. In the later studies, samples with

very small amounts of PVA concentration were prepared. The polymer �lm thickness in

these samples is extremely small, and it becomes even more important to image the sam-

ple with a higher lateral resolution to see the arrangement of GNRs and the PVA �lm.

qDIC is a di�raction-limited technique and cannot provide lateral surface details below the

optical di�raction resolution limit. There are di�erent procedures available to achieve a

higher lateral resolution including scanning electron microscopy (SEM) [125, 173, 175, 176],

transmission electron microscopy (TEM) [124, 177], and AFM [125, 178].

A Bruker Dimension Icon atomic force microscope was used to characterise glass cov-

erslips with �uorophores and GNRs embedded in PVA polymer matrix. An automated

ScanAsyst-Air peak force tapping mode was used for imaging the samples. A silicon nitride

tip with a tip diameter of 4 nm, tip height of 2.5 � 8µm, and spring constant of 0.4 N/m

was used as a probe. In this automated mode, a raster scan of the sample is done. For

each pixel in the image, the Z-piezo on the scanner head modulates at 2 kHz with a default

peak amplitude of 150 nm. The probe tip interacts with the substrate and performs a fast

force curve, and the peak of each of these force curves is used as a feedback signal for

imaging. These measurements were conducted in the air.

3.4 Ultrafast spectroscopy

The human eye has a temporal resolution limit of 1/200th of a second. This limit de�nes

which processes can be visualized by the human eye and which cannot. Any process oc-
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curring at a shorter time scale than this limit will appear as a continuous process, and we

are not able to visualize the intermediate steps. To observe these fast processes, we need

a time resolution which is of the same order as the process occurring. This visualization

will require short periods but high-intensity illumination. In simpler words, we require a

camera with a fast shutter speed. Chemical bonds break and form on very fast time scales

and involve the mechanical motion of electrons and nuclei within atoms in the molecules.

The study of chemical reaction kinetics at fast time scales using intense short laser pulses

is called photochemistry. Ahmed Zewail, Nobel Prize winner in Chemistry in 1999 for the

study of transition states of chemical reactions using femtosecond spectroscopy, gave an

argument on the time resolution required to visualize the motion of atoms in molecules

and electrons around the nucleus. The speed of atomic motion within the molecules is

� 1 km/s, and the average interatomic distance is 1Å (Angström). In order to record these

dynamics, a time resolution of � 100 fs is required. Similarly, an electron in the �rst Bohr

radius of a Hydrogen atom has an orbital frequency of 150� 10� 18 s, which translates to

a time period of attosecond (as).

In ultrafast spectroscopy techniques, a sequence of ultrafast laser pulses is used to study

the atomic motions within the molecules with a femtosecond time resolution and to fol-

low electron dynamics with an attosecond time resolution. Many di�erent systems can

be investigated to study the photophysical dynamics of atoms, molecules, semiconductor

material, and nanostructures. All di�erent ultrafast spectroscopy techniques have two

main stages. The �rst stage is the generation, characterization, and pulse shaping of ul-

trafast laser pulses. The second stage uses di�erent sophisticated spectroscopy techniques

to increase the amount of information that can be gained about a speci�c process under

study. The �rst challenging part is the generation of spectrally broadband pulses with

only a few optical cycles and their tunability. However, over the decades of technical ad-

vancements, reliable, tunable, and stable powerful ultrafast laser sources are commercially

available now. The most commonly used sources are Ti: Sapphire laser, which operates be-

tween 700 to 1000 nm, and Yb-doped laser around 1040 nm [179]. These laser sources use

nonlinear optical e�ects to generate short laser pulses with a temporal width of 20-200 fs.

Pulse energy can be up-scaled using chirped pulse ampli�cation (CPA) to open possibilities

for di�erent nonlinear optical processes [180]. These laser sources have limited tunabil-

ity but can pump secondary sources which utilise di�erent nonlinear optical processes,

the Kerr e�ect [181], white light continuum (WLC) generation [182], optical parametric

ampli�cation (OPA) [183], sum frequency generation (SFG) [184], second harmonic gener-

ation (SHG) to tune the pulse frequencies, to broaden the spectral bandwidth and shorten

the temporal pro�le.

Di�erent techniques are employed to characterise these ultrafast laser pulses and obtain

parameters such as the pulse spectral width, pulse energy, temporal pro�le and pulse rep-

etition rate. An autocorrelation method is commonly used to characterise femtosecond

laser pulses [185]. The femtosecond pulse is split into two beams, and one of the beams is

delayed from another by a translation stage. These two time-delayed beams superpose in-
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side a nonlinear crystal, and the resulting SHG intensity is measured or using two-photon

absorption in a semiconductor diode. An autocorrelation plot of intensity as a function of

delay time is obtained. This autocorrelation signal exhibits a characteristic shape which

has information on pulse width. By �tting the measured signal with theoretical �t models

such as sech2 �t, the pulse width is obtained. To obtain an absolute pulse width, a calibra-

tion with a reference pulse of known pulse width is required. Another popular method to

obtain a spectral and temporal pro�le of the ultrafast pulses is frequency resolved optical

grating (FROG) [186]. This method also relies on nonlinear optical processes, either SHG

or SFG of the femtosecond pulse and its replica or a reference pulse inside a nonlinear

crystal. A spectrogram is obtained, which contains information on both the intensity and

phase of the pulse. Using di�erent numerical algorithms, such as Gerchberg-Saxton [187]

or phase retrieval methods [188], the intensity and phase of the pulse are retrieved from

which temporal and spectral pro�le can be reconstructed. FROG provides a complete

characterization of femtosecond electric �eld pulses including the determination of spec-

tral bandwidth, pulse duration and chirp.

To precisely control the spectral components and generation of broad spectral bandwidth

pulses, di�erent pulse shaping techniques are used. Chromatic dispersion, the di�erent

refractive index for di�erent wavelengths, leads to an optical pulse chirp. This chirp leads

to variations in di�erent frequency components over the broadband pulse over time, re-

sulting in loss of the temporal pro�le of the pulse. Pulse shaping methods are employed

to compensate for any chirp and to control the phase stabilization of the pulse over time.

The most general approach used for pulse shaping is Fourier �ltering of the ultrafast op-

tical pulses using a 4-f geometry setup. This scheme is termed Fourier transform pulse

shaping [189]. In a 4-f geometry setup, the main components are a pair of grating, two

cylindrical lenses, and a spatial mask. The optical frequency spectrum of an input laser

pulse is spatially dispersed using grating over the spatial mask. There are many di�erent

techniques developed and applied for spatial masking, e.g., using di�erent SLM to imprint

di�erent spatial masks on laser pulse, AOM to manipulate light with sound waves, and

electro-optic modulator (EOM) using external electric and magnetic �elds to manipulate

light. The intensity and phase of the laser pulses are manipulated using AOM as a spatial

mask in the Fourier plane of the 4-f geometry [190]. The condition for time-invariant

�ltering is that the AOM refresh rate should be higher than the pulse repetition rate. A

good example of a programmable pulse shaping technique to generate user-de�ned optical

wavefronts is by using an acousto-optic programmable dispersive �lter (AOPDF) [191].

Relying on birefringent properties of the crystal for optical and acoustic waves, a transient

grating is generated by the acoustic waves, which shape the optical pulse by di�racting the

ordinary incoming optical wave into di�erent extraordinary optical waves, thus attaining

the pulse shaping by anisotropic interaction. Other approaches are reported, using digital

mirror device (DMD) as a spatial mask. DMD is a thin strip of several hundred thousand

microscopic mirrors, with each pixel serving as a binary mirror with on-o� states. This

device is programmed with phase modulation patterns which mask a spatially spread input
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pulse [192]. The advantage of using DMD based ultrafast pulse shapers is that they can

be used with high repetition rate laser pulse with refresh rates up to 2 MHz as compared

to AOMs, which have a refresh rate of 100 kHz. DMD are also cost-e�ective compared to

AOM and operate at high frame rates over a broad range from UV to IR using appropriate

coating [193]. However, DMD enabled pulse shapers are limited by their low e�ciency due

to optimization for speci�c spectral bandwidths, micromirrors �ll factor and di�raction

losses. These are typically used in combination with CPAs. AOM pulse shapers with a

very high repetition rate of 10 MHz are reported, taking advantage of the Fourier shift

theorem [194]. Recently, using dielectric metasurfaces as spatial masks in a 4-f geometry

setup, pulse shaping of near IR is achieved [195]. The spectrum is dispersed into two

spatial dimensions, which would increase the individually controllable spectral features by

several orders of magnitude as two-dimensional wavefront shapers.

Ultrafast optical spectroscopy techniques have been used to study ultrafast electronic and

vibrational dynamics in di�erent materials at very short time scales. After the generation

of ultrafast femtosecond laser sources in the late 1970s, it opened the way to the exper-

imental realization of di�erent spectroscopic techniques exploring the nonlinear optical

responses thanks to high pulse peak energies. In most ultrafast spectroscopy experi-

ments, third order nonlinear optical response of the system interacting with a sequence of

light pulses is measured. Pump-probe spectroscopy is one of the fundamental techniques

which is used to understand photophysical dynamics using a sequence of two time-delayed

pulses. Over the decades, di�erent spectroscopy techniques have been developed to ad-

dress electronic and vibrational dynamics with higher spectral and temporal resolution.

Some of these techniques involve time-resolved �uorescence spectroscopy for studying dy-

namics of the excited state in molecular studies [196], various multidimensional ultrafast

spectroscopy techniques in visible and near IR [197, 198] to understand electronic dy-

namics in molecules and exciton dynamics in semiconductor nanostructures, coherent Ra-

man spectroscopy techniques including coherent anti-Stokes Raman spectroscopy (CARS)

[199] and stimulated Raman spectroscopy (SRS) [200] to probe the vibrational properties

of molecules. Various multidimensional spectroscopy techniques have been developed to

measure the nonlinear response of specimens as a function of multiple excitations and de-

tection parameters to understand multibody physics. Here we focus on only pump-probe

and 2DES spectroscopy methods. We used these spectroscopy tools to investigate di�erent

FPs variants.

3.4.1 Pump-probe spectroscopy

In pump-probe spectroscopy, two time-delayed laser pulses are used to study the photo-

physical dynamical processes. The �rst pulse, which is the pump pulse or the excitation

pulse, triggers a photoinduced process which can alter the electronic, vibrational, or struc-

tural properties of the system under study. Then a time-delayed second pulse called the

probe pulse measures a time-dependent change in this photoinduced process. Transient
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Figure 3.6: Schematic for 2DES and pump-probe spectroscopy setup. A non-collinear optical
parametric ampli�er (NOPA) driven by a Ti: Sapphire laser is used to produce temporally com-
pressed pump and probe pulses. Following pulse compression, a beam splitter is employed to
separate the pump and probe optical paths. The re�ected path corresponds to the probe beam,
which traverses a delay stage to regulate the temporal o�set (t2) relative to the second pump pulse.
The transmitted path represents the pump beam, wherein translating wedge-based identical pulses
encoding system (TWINS) is utilized to generate a duplicate of the pump pulse and manage the
delay between them (t1). Both pulses undergo modulation with a chopper, after which a portion of
the beam is directed onto the sample, while a photodiode detects the remainder. Image reproduced
from [201].

changes are observed as a function of time by varying the delay time between two pulses.

Ultrafast laser pulses of fs timescale are used to investigate dynamical processes such as

energy relaxation, charge transfer, structural changes and molecular dynamics on ultrafast

time scales. In the simplest case, the measured optical parameter can be a specimen's tran-

sient absorption or transmission under the pump-probe illumination. This spectroscopy

technique relies on the third-order nonlinear response of the specimen. Historically, �ash

photolysis experiment, based on a pump-probe scheme where two delayed high-intensity,

short-duration light �ashes were used to create reactive intermediates in a photochem-

ical reaction by Norrish and Porter in 1949 [202]. This study enabled the detection of

short-lived intermediates, highly reactive free radicals and gave insights into the reaction

dynamics on a millisecond time scale, laying the foundation for our understanding of fast

chemical reactions. Di�erent pump-probe spectroscopy modalities have been developed

with the development of ultrafast laser sources and detectors. These involve nanoscale

pump-probe spectroscopy with high spatial resolution using scanning near-�eld microscopy

[203], and multiphoton microscopy based on pump-probe spectroscopy [204, 205]. Pump-

probe spectroscopy has been utilized to understand photoinduced dynamical processes in

solids [206, 207], in semiconductors [208, 209, 210], and in biomolecules [211, 212].

The pump-probe experiments were conducted at Politecnico di Milano, Milan, Italy, in

Prof. Guilio Cerullo 's lab with the help of Dr. Mattia Russo. Measurements were con-

ducted at room temperature using a partially collinear pump-probe setup. In this setup,

the sample interacts with two time-delayed pulses and di�erential transmission is mea-

sured as the function of pump-probe delay time and detection frequency. Systematically

changing the delay time, the population dynamics of the system under study can be
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traced in real-time. Ideally, in pump-probe spectroscopy, a spectrally tunable pump pulse

is required, which can be tuned for di�erent resonances of the system under study and a

broadband probe pulse to extract the maximum amount of information. However, in this

setup, a degenerate broadband pump and probe pulses were used.

The excitation source is Ti: Sapphire laser system (Libra, Coherent) with 100 fs pulse width

centred at 800 nm and 1 kHz repetition rate. A part of this laser is used to pump a NOPA,

the output of which is used to perform 2DES. In NOPA, a high-intensity pump beam am-

pli�es a signal beam, and an idler beam is generated to conserve momentum. To obtain two

beams, the Ti: Sapphire is split using a beam splitter with 90% transmission for the pump

and 10% re�ection for the signal. The pump source is at 400 nm generated by SHG after

passing over the delay line using a BaB2O4 (BBO) crystal, and the signal is generated by

WLC generation. When 100 fs pulses are focused into the Sapphire crystal, due to nonlin-

ear optical e�ects such as self-phase modulation, a strong spectral broadening of the pulse

is initiated. New frequencies are generated, and each of these acts as a seed for di�erent

wave mixing and parametric e�ects generating a wide spectrum spanning from near IR to

near UV [213]. The white light is �ltered using a short pass �lter to remove the remaining

light at 800 nm. The pump and the signal white light are focused onto a second BBO used

for the NOPA. Pump and source beams interact in a non-collinear geometry in the BBO

to minimize group velocity mismatch between the pump and ampli�ed pulses. The delay

line is tuned to adjust the temporal overlap of the pump and signal beams for parametric

ampli�cation. This leads to the ampli�cation of a broad signal spectrum. To obtain com-

pressed pulses, a pair of chirped mirrors is used to compress the pulses close to the Fourier

limit. These pulses are compressed to sub-20 fs time duration using chirped mirrors. The

pulses used for pump-probe experiment provided a temporal resolution of 15 fs with pulse

and probe wavelengths spanning from 450 nm to 740 nm. After the NOPA, a beam splitter

splits the optical paths of pump and probe. The probe pulse passes over a translational

delay stage which is controlled by a computer-controlled motorized translation stage. The

pump-probe delay time was scanned using di�erent step sizes and di�erent positive and

negative delay times. Pump and probe beams interact within the sample in a non-collinear

geometry. Pump and probe spot diameters were 210µm and 90µm, respectively and are

orthogonally polarised to each other to minimize the scattering. The transmitted probe

beam, which has the information of the third-order nonlinear response, is dispersed over

the spectrometer equipped with a CCD sensor capable of recording spectra at the 1 kHz

laser repetition rate. The pump beam was modulated at 500 Hz by a mechanical chopper

synchronized with the laser between the on and o� states. The di�erential transmission

(� T/T) spectra as a function of probe wavelength (� ) and pump-probe delay time (t)

are calculated according to Eq. 3.20, where Ton(� ,t) and T o� (� ,t) are transmitted probe

spectra with and without pump [214].

�T
T

(�; t ) =
(T on(�; t) � To� (�; t))

To� (�; t)
(3.20)
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3.4.2 Two-dimensional electronic spectroscopy

Pump-probe spectroscopy relies on a nonlinear optical process; however, the measured pa-

rameter of the specimen, either transient absorption or di�erential transmission, does not

give exact information on the third-order polarization. Only a di�erence in signal with the

pump on and pump o� is detected in either absorption or transmission of the specimen.

Since the weak signal is detected from the change in the probe pulse, it is not a coherent

and background-free detection. A relatively weak signal is to be separated from huge probe

background, restricting the signal-to-noise ratio. Further, a single measurement using a

speci�c pump frequency gives a one-dimensional frequency spectrum where the detection

frequency or the probe frequency is plotted against the di�erent delay times. One needs

to repeat the experiment at di�erent pump frequencies to attain a 2D frequency spectra.

However, these 2D correlation maps have intrinsic interdependence of time and frequency

resolution. The frequency resolution comes from selective excitation using a narrowband

pump pulse. A narrowband pump pulse has a broad temporal pro�le obstructing the

observation of fast dynamics, thus losing the time resolution. On the other hand, a broad

spectral pump pulse will give higher temporal resolution but restricts selective excitation.

In order to decouple the time and frequency resolution interdependence, a Fourier trans-

form methodology is used.

In the most general case of the multidimensional ultrafast spectroscopy technique, the

system is illuminated by three time-delayed laser pulses and undergoes a FWM process

where these pulses interact within the specimen. FWM process leads to the generation

of a third-order nonlinear response �eld of the specimen, which is measured. A partially

collinear self-heterodyne implementation for 2DES using this method is an extension of

pump-probe spectroscopy, allowing us to observe the nonlinear third-order polarization

directly and extract the maximum amount of information from the system under study

[215, 216, 217]. Using a pulse shaper to split the pump pulse into two identical time-delayed

collinear pulses, one additional time delay (t1) parameter is introduced. To understand it,

the �rst pump pulse interacts with the system under study at time t = 0 and creates �rst-

order linear polarization P (1) resulting from the dipole created by the coherence between

the ground and excited state. The polarization evolves during the time delay between the

phase-locked �rst and second pump pulse called coherence time (t1). At time t1, linear

polarization interacts with the second pump pulse and leads to real population changes

in the states of the system. During the second time delay between the second pump and

probe pulset2, the system population evolves, andt2 is called population time or waiting

time. At time t2, the probe pulse arrives and interacts with the system and creates a

third-order polarization P (3) , which results in the generation of a signal �eld Esig which is

a function of coherence timet1, population or waiting time t2, and the detection time t3.

The detection frequency or the probe frequency is measured directly onto the spectrome-

ter, and the excitation frequency is obtained by Fourier transform of delay time between

the pump pulses (t1). The spectral resolution comes from the time delay steps between
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the two pump pulses and is independent of the pump spectral width. Two-dimensional

frequency spectra are obtained, which show how excitation at a particular frequency af-

fects the spectrum at all other frequencies, thus revealing the energy transfer dynamics

and coupling between di�erent transitions. Overall, 2DES reach the highest temporal and

spectral resolution both reaching the uncertainty limit set by the sample resonance itself.

Partially collinear heterodyne 2DES detects a weak nonlinear signal in the same direction

as the probe pulse and thus has a background signal. To get background-free detection, a

non-colinear heterodyne 2DES setup, also called box geometry, is used [152]. Di�erent 2D

spectroscopy techniques have been utilized to investigate photosynthetic light-harvesting

pigment-protein complexes [218, 219] and ultrafast charge carrier dynamics in semiconduc-

tor materials [220, 221]. Further, di�erent modalities of 2D spectroscopy techniques such

as 2D electronic mass spectroscopy [222] have been introduced where instead of measur-

ing the coherently emitted signal in a FWM geometry, an action-dependent measurement

of ions generated by a time-delayed sequence of pulses is done. This scheme achieves

single-particle detection e�ciency by focusing pulses on the time-of-�ight region in a mass

spectrometer with a low-density molecular beam.

We used 2DES setup at Politecnico di Milano, Milan, Italy, in Prof. Guilio Cerullo 's lab

with the help of Dr Mattia Russo. A partially collinear 2DES setup based on pump-probe

spectroscopy setup was used [223]. A TWINS wedge-based device to generate collinear

identical ultrafast pulses with attosecond precision tunable time delay from UV to mid-

IR range [224] is implemented in the pump-probe setup to achieve 2DES measurements

[216]. This system makes use of birefringence of� � BBO crystal to separate two orthogo-

nal polarised replicas and delay them by a certain time depending on the wedge thickness

[223, 224] which can be tuned. The beam enters a �rst crystal of �xed length at 45� , which

creates a time delay between extraordinary and ordinary rays due to di�erent optical path

lengths. This delay is constant due to the �xed length of the crystal. To change the delay,

these two rays pass through a pair of wedges which have perpendicular optical axes. The

ordinary and extraordinary rays experience an opposite delay to what is experienced in

the �rst crystal; however, this delay is tunable by moving wedges. To keep the optical

path length the same for replicas, a second pair of wedges is used, which has reversed the

direction of optical axes. These two wedge pairs are moved together to set a high preci-

sion time delay, resulting in two pump pulses with well-de�ned time delay. By inserting

TWINS into the pump-probe setup, 2DES measurements are accomplished. Similar to the

pump-probe setup, a beam splitter splits pump and probe pulses to di�erent optical paths.

In the pump optical path, TWINS is inserted to set the delay time between the pump

replicas. Pump pulses undergo dispersion chirping after passing through the TWINS. In

order to compensate for that, a pair of chirped mirrors is used after the TWINS to com-

press the pulses. After the pulse compression, the pump pulses are modulated at 500 Hz

by a mechanical chopper to obtain shot-to-shot probe transmission with the pump on and

o�. A beam splitter is used to send one part to the photodiode to get an interferogram

of two pump pulses, and the second part is focused onto the sample. Two polarisers
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each in the pump and probe optical path are used to control the relative polarisation of

pump-probe pulses. It is set to the magical angle, i.e. at 45� to have minimum scattering.

After the sample, pump pulses are blocked by an iris and the probe signal is spectrally

resolved over the spectrometer and CCD. The procedure for taking 2DES measurements

is to �rst calibrate the TWINS to zero time delay between the pump pulses and then take

a pump-probe measurement for the same waiting time (t2) steps as required for 2DES.

Di�erent time delay steps, t1 and t2, were used for each measurements.

3.5 Summary

In this chapter, we provided an introduction to the various experimental techniques em-

ployed for the results presented in the subsequent chapters. For single quantum dot and

single molecule spectroscopy measurements at low temperatures, we elaborated on the

setup used for micro-photoluminescence and FWM measurements, detailing the di�erent

components of the setup as well as the various excitation and detection schemes. High-

resolution spectroscopy measurements on PQDs and FWM measurements are presented

in Ch. 4. In terms of sample characterization techniques, we introduced qDIC imaging,

polarization contrast imaging, �uorescence microscopy, and atomic force microscopy. The

relevant discussions on the experiments and results obtained from these sample character-

ization techniques are covered in Ch. 5. Finally, we discussed the ultrafast spectroscopy

techniques, including pump-probe and 2DES, which are used for measuring relaxation

dynamics and vibrational signatures from FPs complexes, presented in Ch. 7.



Chapter 4

Coherent coupling in stacked

pyramidal quantum dot

4.1 Introduction

Understanding semiconductor optical properties is important for investigating the fun-

damental physical phenomena and their applications in quantum information process-

ing (QIP), such as quantum computing, cryptography, communication, and photonic cir-

cuits. The optical properties of semiconductor nanostructures, QD systems, are exten-

sively studied due to their unique emission properties from the quantum excitation state,

i.e. exciton [225, 226]. These emitters can ful�l the purpose of nonclassical light sources

with single photon emission and entangled photon pair emission with high �delity. Single

photon sources emit one photon at a time with zero or near-zero probability of obtaining

two or more photons simultaneously. Importantly, this probability is much lower compared

to a coherent or random light source. Single photon sources are characterised by a second-

order correlation function g(2) (t) , providing information on the statistical properties of the

emitted photons. A single photon source should exhibit an antibunching behaviour, which

means that the probability of emitting two photons simultaneously is much lower than

the probability of emitting two individual photons. The second-order correlation function

g(2) (0) should be close to 0, indicating single photon emission at a time. A single photon

is naturally immune to decoherence due to weak interactions with the environment. It

can conserve its quantum properties, such as polarisation and frequency over long dis-

tances, due to fast propagation speed and the availability of low-loss �bre optics enabled

by highly transparent material. This characteristic makes them suited for applications

in QIP applications [227]. An entangled pair of photons are two photons having corre-

lated properties described by a superposition of two di�erent two-photon states. This

makes them useful in quantum teleportation and cryptography applications [228, 229].

QDs are candidate systems to generate non-classical light; other mechanisms are sponta-

neous parametric down-conversion [230, 231], nitrogen-vacancy (NV) centres [232, 233],

single atoms trapped in optical cavity [234, 235], single molecule in the condensed matter

64
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[236, 237], and mode coupling in parametric oscillators [238]. In spontaneous parametric

down-conversion, a nonlinear crystal splits a high-energy photon (pump) into two lower-

energy photons (signal and idler) having combined properties given by the pump photon,

such as the sum of frequencies and wavevectors. A carefully engineered setup can achieve

high-correlated single photon emission rates at low pump power. However, as the process is

spontaneous and determined by vacuum �uctuations, it doesn't ensure the true realisation

of quantum on-demand entangled photon generation. A low rate of pump photons has to

be used to reduce the probability of generating more than a single photon pair per channel.

Parametric down-conversion can operate at room temperature, and high generation rates

of entangled photon pairs can be achieved on a scalable platform [239]. Scalability and

reproducibility to have a single photon or photon pair on demand at a high generation rate

are two signi�cant factors in quantum technologies. NV centres are defects formed in a

diamond by substituting a carbon atom with a nitrogen atom next to a vacancy site in the

lattice. Non-classical photon emission is achieved from NV centres by selective triggered

excitation using a short intense laser pulse [240, 241]. Another technique employed is to

map the nearby nuclear spin onto the electronic spin of NV centre by selective microwave

pulses after optical initialisation and achieving optical readout with carrying information

of nearby small nuclear spins [242, 243]. Long electron spin coherence time and high emis-

sion e�ciencies make them promising candidates [244]. However, emission wavelength

tunability is impractical in NV centres with visible emission only. Another factor is the

diminished emission brightness resulting from a slower radiative decay when compared to

semiconductor quantum dots (QDs). Additionally, the photon emission is characterised

by broad spectral features, with only 4% of the emission content attributed to ZPL at

lower temperatures, accompanied by a substantial linewidth. Single photon emission from

trapped atoms is achieved using di�erent methods. In cavity quantum electrodynamics

setups, atoms are con�ned in and coupled to high-quality optical cavities to engineer the

nonclassical emission [245]. A controlled generation of single photons is attained from

highly excited states of Rydberg atoms. Nonclassical emission is also generated by laser

cooling and trapping of ions. Factors such as the choice of atoms, ions, and excitation

schemes enable tuning emission wavelengths. However, scalability is limited due to this

approach's technical complexity in terms of requiring a high vacuum and lifetime of atoms.

Considering factors such as scalability for the device integration, high photon emission ef-

�ciency, fast radiative decay rate and long-term stability, semiconductor QDs appear as

good candidates for nonclassical light sources.

4.1.1 Quantum dot fabrication techniques

Several techniques have been investigated and developed for synthesising semiconductor

QDs. The most commonly used methods are colloidal synthesis, top-down lithographic

fabrication, and epitaxial growth. In colloidal synthesis, a bottom-up approach, a precur-

sor with semiconductor materials is mixed in a solvent and heated to promote nucleation,
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eventually forming nanocrystals QDs in a colloidal solution [246, 247, 248]. QD size and

properties can be altered by varying temperatures and reaction times. P. Michler et al.

showed experimental observation of photon antibunching at room temperature from a sin-

gle colloidal cadmium selenide QD due to fast Auger recombination of biexcitons [249]. In

a top-down lithography approach, usually using an electron beam, structures are created

onto a substrate where the con�ning potential for carriers is directed externally. These

platforms were amongst the �rst to be explored as units for scalable quantum computing

[250, 251]. However, these have poor crystalline interfaces and complicated fabrication.

In epitaxial QDs, molecular beam epitaxy (MBE) and metal-organic vapour phase epi-

taxy (MOVPE) are two widely used approaches [252]. These two techniques are distinct

in terms of the deposition process. MBE is a high vacuum-based technique. Atomic and

molecular beams are generated by resistive heating or directing electron beams on the

e�usive cells containing precursor elements. These beams are directed onto the crystalline

substrate surface at an elevated temperature at which atoms su�ciently adhere to a �at

surface but still have lateral mobility to move to a step edge to be permanently bound,

avoiding re-evaporation into the vacuum. The deposited layer is precisely controlled by

adjusting the �ux and timing of beams. In MOVPE or also called metal-organic chemi-

cal vapour deposition (MOCVD), precursors are metal-organic compounds combined with

the carrier gas in a vapour phase. Carrier gas transports the precursor to the heated sub-

strate, where chemical reactions occur, resulting in the deposition of the desired material.

The growth rate is controlled by adjusting the carrier gas �ow rate, pressure, precursor

density and substrate temperature. Epitaxial QDs o�er an advantage over colloidal QDs,

such as the possibility of site control and fabrication inside microcavities [253, 254]. Also,

they can be embedded into a crystalline matrix nearly free of defects, shielding them from

environmental in�uences.

4.1.2 Site controlled quantum dots

The majority of epitaxial fabrication techniques rely on the self-assembled formation of

semiconductor QDs on the substrate. When QD material is grown layer by layer on

a substrate that is not lattice-matched, the resulting strain leads to strained epitaxial

growth of the QDs. Stranski and Krastanow �rst described this growth method in 1938

[255] and was experimentally observed by L. Goldstein et al. [252]. Self-assembled QDs

have been demonstrated to provide high �delity non-classical light sources (photon on

demand, indistinguishable photons and entangled photons). However, self-assembled QD

form at random positions and have a relevant size distribution. Site-controlled QDs are

a necessary ingredient for realising true photonic circuit architecture. Growing epitaxial

layers on a pre-patterned substrate is a commonly employed technique for site control. This

approach achieves an ordered array of QDs with controlled size, shape and position, which

is crucial for applications in QIP. Pre-pattering of the substrate is an e�cient technique

used previously to fabricate quantum wire arrays [256, 257, 258]. Q. Xie et al. proposed
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intraplanar islands on the substrate to achieve some uniformity in the distribution of QDs

[259]. Y. Sugiyama et al. reported QD formation in tetrahedral-shaped recess patterned

on GaAs substrate using MOCVD. Based on a similar idea, A. Hartmann et al. developed

a method to grow QD using MOCVD in an inverted pyramidal recess pattern etched on

GaAs substrate [260]. More recently, J. Groÿe et al. demonstrated a self-assembled,

Stranski-Krastanov-like formation of QDs on a pre-strained surface [261]. PQD show

high crystal symmetry (a three-fold symmetry owning to GaAs-111B substrate), self-

limiting QD growth inside the recess and inherent site control, which make them interesting

candidates for QIP integration. Exciton-biexciton cascade decay is proposed as a source

of polarisation-entangled photons, but the quantum dot FSS due to structural symmetry

limits its e�ciency. Site-controlled PQDs are the best candidate owing to their inherent

symmetry, tunability, and small biexciton binding energies [262, 263].

4.1.3 Studies on pyramidal quantum dots

PQDs have been extensively studied for their nonclassical photon emission. Here we fo-

cus only on studies conducted on PQDs fabricated by the group of E. Pelucchi. In this

fabrication technique, InGaAs QDs are grown on a pre-pattered GaAs substrate with

hexagonally arranged pyramidal recesses using MOVPE. A detailed sample description is

provided in the next section. In these pyramidal recesses, subsequent deposition of QD

material layer can stack multiple QDs vertically. Due to interactions of di�erent closely

packed QDs, a QD molecule system and even QD superlattice can be fabricated and inves-

tigated. Though the thickness of QDs are nominally identical, the emission energies can be

slightly di�erent due to unavoidable �uctuations in the monolayer thickness. These values

can vary around some mean values for di�erent QDs. This enables the tuning of emission

wavelengths by changing these parameters. Barrier QD materials and layer thicknesses

can be tuned to realise di�erent applications. Interaction of QD exciton states with the

surrounding matrix can contribute to the dephasing, leading to degradation of the quality

of entanglement. An extensive study of exciton-phonon coupling in two di�erent types

of PQDs was conducted by D. Dufåker et al. [264]. Mainly longitudinal optical phonons

are found to be coupled to excitons within di�erent QDs for two di�erent QD materials,

In0:15Ga0:85As/AlGaAs and In 0:25Ga0:75As/GaAs. It is observed that the Huang-Rhys

parameter for exciton is similar (0.003-0.004) irrespective of the di�erent concentrations

of In and Ga in QD material In xGa(1� x)As. PQDs o�er high uniformity and spectral

purity. In self-assembled QDs grown using the Stransky-Krastanov method with MBE,

when excited non-resonantly, emission linewidths are much broader due to coupling with

phonons at higher temperatures and also due to spectral wandering i.e. �uctuating charges

by non-resonant carriers able to explore the bulk or at least the layer of the surrounding

material. A narrower linewidth can be achieved only at cryogenic temperatures by min-

imised phonon interactions. However, spectral purity in terms of emission linewidths and

frequencies is not considerably good [265]. On the other hand, PQDs o�er high uniformity
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with an inhomogeneous broadening unusually narrow with a standard deviation down to

1.2 meV and linewidth from emission lines of individual dots is found to be around 18 to

30µeV [266].

PQDs are intrinsically highly-symmetric with three-fold rotation symmetry, C3� . Asym-

metries arising due to the distribution of the In/Ga atoms on the lattice sites not having

C3� symmetry can deviate carrier con�nement potential from the theoretically predicted

three-fold rotation symmetry and remove degeneracies in exciton energies. This change in

exciton energies leads to FSS, which reduces the e�ciency of polarisation entangled photon

emission via exciton-biexciton (X-XX) recombination cascade. PQDs possess a relatively

small FSS and can emit entangled photons with high e�ciencies (15% [263]). Two photons

can be emitted from stacked double QDs with biexciton binding energy (BBE) nearly equal

to zero as a sequence of two photons of nearly the same energy from the X-XX cascade.

For the 1 nm barrier layer, a BBE of 0:27� 0:43µeV was observed in [267]. It was reported

that nonclassical light is obtained from PQDs with FSS in the range of 2-3µeV. This limit

depends on the exciton state lifetime, evaluated as 1.8� 0.6 ns [268]. Using PQDs, high

�delity (0.721 � 0.043) entangled photons were reported [263].

Single pair of time-bin-entangled photons: quantum information encoded in the arrival

time of photons from PQDs is reported in [269]. Time-bin entanglement is another ap-

proach to avoid polarisation-mode dispersion, a major problem in quantum communication

applications. These non-planar QDs are fabricated in quantum dot LED structures, and

carriers are injected for emitting entangled photons using electroluminescence [270]. Thus

entangled pair of photons can be generated in PQDs by both excitation means, photo-

luminescence and electroluminescence. PQDs are also reported as good single-photon

emitters. Electrically injected PQDs leading to single photon emission performance with

very small g2(0)= 0:088� 0:059 were reported in [271]. Thanks to site-controlled growth

and nanometre precision of emitter location, there is the possibility of generating single

photons by embedding PQDs in the PIN-junction diode. Trion state is ideally more suited

for single photon emission and entangled photon emission, the reason being that state is

not a�ected by FSS.

A statistical study of an array of PQDs for gaining a distribution of emission energies, FSS,

and BBEs is conducted in [272]. It is observed that a reduced barrier thickness redshifts

the emission wavelength. In a sample with a 10 nm inter-dot barrier spacer, two distin-

guished emission groups, typically a few meV shifted from each other, are observed. The

emission pattern originates from the recombination of a charged exciton and biexciton in

each QD. The fast capture of electrons completely hinders the exciton recombination from

negatively charged surroundings leading to negatively charged exciton. In two emission

groups, higher energy emission peaks have a larger linewidth than lower energy emission

peaks. Another sample with a 2 nm inter-dot barrier shows an emission pattern similar to a

single QD system. In a 2 nm sample using power-dependence and polarisation-dependence,

it is evident that these emission peaks originate from exciton and biexciton recombination.

Stacked QDs behave like a QD molecule system rather than a two-independent single QDs
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[272]. A comparison of BBE with di�erent inter-dot distances, shows that binding energies

shift from negative (anti-binding) to positive (binding) values as inter-dot barrier thickness

is increased from 0.5 nm to 2 nm. A system of double PQDs with a spacer thickness of

1 nm is an ideal candidate for observing the twin photon emission as the BBE is near zero.

Con�nement potential pro�les for PQDs are complex, and for the same QD con�ned by

di�erent barrier material, GaAs or Al 0:3Ga0:7As, the FSS has been found to be3:5� 1:6µeV

and 59� 25µeV, respectively [268]. Cross-sectional polarisation measurements reveal that

exciton emission polarisation is oriented in the growth plane in the single dot case. It is

shown that the presence of negatively charged exciton makes emission linewidth broader.

The top QD and bottom QD will have di�erent linewidth, with the former having broader

linewidth than the latter. An analogy has been made to the in�uence of sample surface on

charge feeding to QD. Red-shift in the emission energies with decreasing inter-dot barrier

is reported as a sign of coupling between the QDs.

The most relevant limiting factors of PQDs as nonclassical light emitters are non-vanishing

FSS and QD charging from the surface. Using di�erent inter-dot barrier thicknesses, FSS

can be reduced somewhat but not eliminated as it is due to randomness of In/Ga/Al dis-

tributions on the GaAs-111B substrate lattice sites. QD charging is a major issue in entan-

gled photon emission; only QDs with a nearly balanced capture rate of electron and holes,

or dominant charging by holes, are practically useful for entanglement measurements. A

possible solution is dual-wavelength excitation in which two excitation sources are used,

one higher in energy and another lower. Charge tuning is achieved by varying second

excitation [268]. Non-planarity of the sample is another problem which limits extraction

e�ciency. Going back to planar geometry is highly preferable as light extraction e�ciency

can be enhanced by orders; one method is chemo-mechanical planarisation (CMP) after

growth to eliminate detrimental residual recess. With planar geometry, boosted collection

e�ciency using a quartz solid immersion lens is shown in [273]. Gaining planar geometry

opens pathways to improve emission via the fabrication of microcavities.

4.2 Sample description

In this section, an overview of the growth steps is given, for details see [274]. The growth

procedure of PQDs can be grouped into three steps; pre-patterning of GaAs substrate,

growth inside pyramidal recess by MOVPE, and back etching. These samples were pre-

pared in the group of Dr Emanuele Pelucchi at Tyndall National Institute, University

College Cork, Ireland.

4.2.1 Pre-pattering of substrate

The �rst step in the growth process of the PQD is pre-patterning of SI GaAs 111B faceted

substrate to achieve hexagonal-arranged pyramidal recesses. Conventional optical lithog-

raphy and selective wet-chemical etching are used to achieve prede�ned structures. A
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Figure 4.1: Schematic diagram explaining steps for pre-pattering of semi-insulating (SI) GaAs
substrate. (a) sputtering a layer of SiO2 on the substrate, (b) depositing layers of positive photore-
sist HDMS and S1805, (c) UV exposure, (d) removal of residual photoresist, (e) etching with 5%
Br-methanol to achieve three 111A facets in pyramidal recess, (f) removal of SiO2 by etching with
bu�ered hydro�uoric acid (BHF), (g) colour indication for materials, (h) SEM image of hexagonal
arranged arrays of pyramidal recess with indicated scale of 7.5µm. Image reproduced from [274].

�owchart of di�erent steps involved in the pre-pattering process is shown in Fig. 4.1. As a

�rst step, the substrate material is cleaned to remove any contaminants or particles that

could a�ect the pattering process. A SiO2 layer is sputtered onto the substrate. This is

followed by the deposition of an adhesive promoter hexamethyldisilazane (HMDS) layer,

which helps adhesion of the subsequent layer of a positive photoresist S1805. A positive

photoresist is a photosensitive material that becomes soluble under light exposure and can

be selectively removed by immersion into a developer solvent during the device fabrication

process. The photoresist coated substrate is exposed to UV light through a photomask

with the desired pattern in the next step. This leaves behind the hexagonally arranged

arrays of triangles transferred to SiO2 by etching in bu�ered hydro�uoric acid (BHF). To

avoid contamination by residual photoresist, it is removed using a warm bath of acetone

and isopropanol. To etch pyramidal recesses in the substrate, a 5% Br-methanol solution

is used. Three 111A faceted sides of 7.5µm pitch emerge after an etch time of 8 s. Finally,

SiO2 is removed using BHF etching for 5 minutes. The pre-patterned surface is treated

with oxygen plasma to clean it and undergoes etching with 48% hydrogen �uoride for

3 minutes to make it hydrophobic [274].

4.2.2 Growth inside pyramidal recess

MOVPE procedure is used for growing thin crystalline layers of di�erent semiconducting

materials on the pre-patterned substrate. This procedure is conducted at a low-pressure

(20 mbar) nitrogen �ow as carrier gas at 1000 K. For surfaces inside the pyramidal recess,
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Figure 4.2: Cross sectional representation of inverted pyramidal recess. (a) Growth layers of
di�erent materials within the pyramidal recess, (b) various nanostructures formed inside the recess,
vertical and lateral-quantum wire, quantum well and QD in di�erent layers.

two processes compete. The �rst is adatom di�usion, termed as capillarity action due

to gradients in surface tension and the second is growth anisotropy, i.e. di�erent growth

rates at di�erent facets. When these two competing processes are balanced, self-limited

growth is achieved [275]. In the pyramidal recess, there are three 111A Ga terminated

facets and one 111B As terminated facet at the bottom of the recess. An un-patterned

GaAs (111B) substrate surface exists between the adjacent pyramidal recesses. III-V

semiconductor layers grow more easily on the 111A facet than 111B, bringing the growth

rate anisotropy into play. This leads to lateral growth along the 111A facets of the recess.

Besides, due to the adatom di�usion, the growth rate is higher at the bottom of the

recess at the 111B facet. A balance of these two factors achieves self-limited growth.

Self-limiting growth pro�le is dependent on extrinsic factors such as growth temperature.

A three-dimensional con�guration of di�erent thin layers grown inside the pyramidal

Sample #1(2)
Layer Material Thickness (nm)
bu�er GaAs 65

etch stop 1 Al0:45Ga0:55As 45
etch stop 2 Al0:8Ga0:2As 90

barrier 2 down Al0:55Ga0:45As 80
barrier 1 down GaAs 100

QD 1 In0:25Ga0:75As 0.5
spacer GaAs 2 (10)
QD 2 In0:25Ga0:75As 0.5

barrier 1 up GaAs 70
barrier 2 up Al 0:55Ga0:45As 55

cap GaAs 1

Table 4.1: Epitaxial layer details for double QD samples investigated.

recess is shown in Fig. 4.2(a). The information on di�erent epitaxial growth layers for
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Figure 4.3: (a) Apex-up structure of PQD. Colours represent di�erent material layers as indi-
cated, and two InGaAs QDs separated by GaAs layer. (b) SEM image of the �nal con�guration
after the removal of the substrate by back etching [274]. (c) White light imaging of the sample
plane as imaged onto Sony camera in micro-PL set up.

both samples is given in table 4.1. For growing a single QD inside the pyramidal recess,

the �rst step is depositing a bu�er layer of GaAs to smooth the surface and eliminate

facet irregularities left during the pre-pattering step. This is followed by depositing two

aluminium gallium arsenide (AlGaAs) layers with high aluminium content, which will act

as an etch-stop for selective chemical etching to create upright pyramids discussed below.

These two subsequent layers are Al0:45Ga0:75As and Al0:80Ga0:20As. Then, a cladding

layer of Al0:55Ga0:45As is deposited. Subsequently, a layer of In0:25Ga0:75As of 0.5 nm is

sandwiched between two GaAs layers. Finally, the structure is covered with a cladding

layer of AlGaAs and followed by GaAs capping layer of 1 nm. Multiple nanostructure types

are formed within the recess, including three InGaAs vertical quantum wires (VQWR) at

each pyramid edge and vertical quantum well (VQW) on the pyramid faces and also the

same nanostructures for AlGaAs due to inhomogeneous adatom di�usion for Al, Ga, and In

(shown in Fig. 4.2(b)). The emission from the QD can be distinguished from the rest of the

nanostructures in terms of their emission energies emitting at the lowest energies compared

to other nanostructures. To stack more than one QD within the same pyramidal recess,

subsequent layers of In0:25Ga0:75As followed by GaAs layers are stacked. We investigated

two samples which contained two QDs. These two samples di�er regarding the thickness

of the GaAs spacer layer. The interdot distance for the two samples is 2 nm and 10 nm,

respectively.

4.2.3 Back etching

Since the QD is grown at the vertex of the pyramidal recess, in as-grown geometry, the

emission extraction e�ciency towards the top surface is very low. Due to the high refractive

index of GaAs (3.6) and other epitaxial layers, the emitted photons undergo total internal

re�ection. Additionally, the pyramidal geometry of the surface itself contributes to this

factor. To increase the extraction e�ciency, the pyramidal recess is back etched to achieve

an inverted geometry with a pyramidal vertex on the top. This geometry is referred to

as apex-up geometry in the literature. The total internal re�ection is reduced to a large

extent by the near normal incidence of the emission onto the surface. A comparison of

light extraction from the original pyramidal recess geometry and the apex-up geometry
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Figure 4.4: Light extraction comparison of (a) as grown inverted pyramidal recess geometry and
(b) apex-up geometry.

is shown in Fig. 4.4. To achieve apex-up geometry, the semi-insulating GaAs (111B)

substrate is etched using selective chemical wet-etching. NH4OH solution with pH 8.7 is

used to etch the substrate layer from 350µm to 100µm, after which NH4OH solution with

pH 8 is used for slower etching to the point where the pyramid vertex appears, typically an

etching time of 115 minutes. Then, it is followed by selective etching of high concentration

AlGaAs layers with a citric acid solution for 90 minutes to open a large area with apex-up

[276]. After etching, the sample surface is not homogenous with di�erent thicknesses of

the substrate layer. A variation of up to 40 µm in height can be observed.

4.3 Photoluminescence characterization

Two PQD samples are investigated using the micro-PL spectroscopy setup as described

in Sec. 3.1. On each sample, multiple pyramid positions corresponding to double QD

systems are investigated for a statistical study of PL emission. A power dependence study

is conducted where the spectrally resolved PL spectra are measured for various excitation

powers. Micro-PL measurements are conducted at cryogenic temperatures between 4 K to

6 K.

4.3.1 2 nm interdot separation

First, the sample with 2 nm interdot separation is investigated. From the set of inves-

tigated QDs, two examples are shown in Fig. 4.5. A helium-neon (HeNe) laser is used

as an excitation source, and emission spectra are detected on the CCD Pixis 100 at the

back end of a high-resolution spectrometer. Di�erent integration times are used to collect

data at di�erent excitation powers. Data shown are collected as a single acquisition with

no averaging. For each acquisition, 30 vertical pixels on CCD detector are binned into

two channels, with PL signal in one of the channels and another to be used as a dark

background with the same integration time. Each spectrum is background subtracted and

normalised to counts per second. Using the conversion factor for CCD Pixis 100 (each

count is two photoelectrons), the PL signal intensity is calculated in photoelectrons per
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Figure 4.5: Two examples of excitation power dependence of spectrally resolved PL emission
spectra from two pyramidal positions on PQD sample with 2 nm interdot separation. Left column
displays the spectra with a logarithmic y-axis, and the right column displays the spectra with a
linear o�set-corrected y-axis.

second (pe/s). In both examples, the emission spectra have a set of emission peaks which

are dependent on the excitation power. In consideration of double QD system, two sepa-

rate sets of emission peaks on high and low energy side appear to arise from each QD inside

the apex-up structure. The excitation power dependence is one approach to assign these

peaks whether these peaks are from exciton (X), biexciton (XX), charged exciton (X� ) or

other multiple charged states. A comparison of PL spectra with single QD emission and

the previous studies can be done in order to assign the peaks. A similar emission pattern

was obtained in a previous study on the PQD sample [268, 272], and the emission peaks

can be understood as transitions from exciton-biexciton systems in individual QDs. In the

�rst example, Fig. 4.5(a), four strong peaks are observed. On high energy side, transitions

at ! 3 = 1402:2meV and ! 3 = 1401:9meV are assigned as X1 and X1X1, respectively. On
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Figure 4.6: (a) and (b) Peak area as a function of excitation power for the four major emission
peaks shown in Fig. 4.5(a) and Fig. 4.5(b), respectively. Dashed line shows a linear (P), and dotted
line shows quadratic proportionality (P 2) to excitation power P, respectively.

low-energy side, transitions at ! 3 = 1398:8meV and ! 3 = 1398:2meV are assigned as X2
and X2X2, respectively. Emission peaks, X1X1 and X2X2, appear only for higher excita-

tion powers, distinguishing them from single electron-hole pair excitons. These transitions

either correspond to the biexciton peaks or charged excitons, trions.

A similar assignment of the main four emission peaks in the second example, Fig. 4.5(b),

is done. Emission peaks at! 3 = 1407:9meV and ! 3 = 1407:3meV on high energy side are

assigned as X1 and X1X1. Two emission peaks on the low-energy side at! 3 = 1404:4meV

and ! 3 = 1403:8meV are assigned as X2 and X2X2. In Fig. 4.6, peak area as a function of

excitation power strength is shown for examples shown in Fig. 4.5(a) and Fig. 4.5(b). The

peak area is calculated from the �t of the individual emission peaks using a Lorentzian �t.

Peak area shows a nearly linear dependence for Xi emission and a nearly quadratic depen-

dence for Xi X i emission, as shown by dashed and dotted lines respectively in Fig. 4.6. This

power dependence shows hints that the emission peaks are originating from an exciton-

biexciton system. Two separate set exciton-biexciton peaks in this double quantum dot

system correspond to emission from individual QDs. Xi X i peaks are local biexcitons for

X i transitions. In Fig. 4.5(a), individual biexcitons, X 1X1 and X2X2, have positive bind-

ing energies of 397µeV and 560µeV, respectively. Two exciton states are separated by

3.4 meV. In Fig. 4.5(b), individual biexcitons, X 1X1 and X2X2, have positive binding en-

ergies of 655µeV and 620µeV, respectively. Two exciton states are separated by 3.5 meV.

A number of other emission peaks can be observed in the given examples, which probably

correspond to the multi-charged states. Both positive and negative BBE are observed for

measurements on the di�erent pyramid positions on the same sample. This results from

the non-uniformity in terms of QD size. Usually, in thicker QDs, strong negative BBE are

observed in the literature [277].
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Figure 4.7: Excitation power dependence of spectrally resolved PL emission spectra from PQD
sample with 10 nm interdot separation. Shown in logarithmic scale on the y-axis in (a) and linear
scale with o�set corrected in (b). (c) Emission spectral intensity as a function of excitation power.
Colour map indicates the PL strength. (d) Peak area as a function of excitation power for the X
(red) and XX (black). Dashed line shows a linear (P), and dotted line shows quadratic propor-
tionality (P 2) to excitation power P, respectively.

4.3.2 10 nm interdot separation

Next, the PQD sample with a 10 nm interdot separation is investigated for micro-PL mea-

surements. Fig. 4.7 shows excitation power dependence spectra from one of the pyramid

positions on this sample. In this case, the excitation source is a diode laser operating

at 830 nm with near-resonant excitation close to the bandgap. This near-resonant exci-

tation helps in avoiding the charging of the bulk material in the pyramid. The rest of

the acquisition settings are the same as discussed in the previous section. In the shown

spectra in Fig. 4.7(a), two main peaks are assigned as X and XX at! 3 = 1452.1 meV

and ! 3 = 1453.9 meV, respectively. Emission spectral intensity as a function of excitation

power is shown in Fig. 4.7(c) where it is clearly visible that XX peak appears only for

higher excitation power. In order to assign these peaks, the peak area is plotted as a
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Figure 4.8: Excitation power dependence of spectrally resolved PL emission spectra from PQD
sample with 10 nm interdot separation. (a) displays the spectra with a logarithmic scale on the
y-axis. (b) displays the spectra with an o�set-corrected y-axis. (c) and (d) as described in Fig. 4.7.

function of the excitation power, Fig. 4.7(d). The peak area is calculated as discussed in

the previous section. Emission peak X is linearly proportional to the excitation power,

which corresponds to an exciton peak. Emission peak XX is quadratically proportional to

the excitation power, which corresponds to a biexction peak. Biexciton XX has a negative

BBE of 1.84 meV.

Fig. 4.8 shows the power dependence of micro-PL spectra as measured on another pyrami-

dal position on the same sample. In the shown example, Fig. 4.8(a), three main transition

peaks are visible. On the low-energy side, two peaks are visible at! 3 = 1461:3meV and

! 3 = 1462:5meV, which are assigned as X1 and X1X1, respectively. The emission peak

on the higher energy side at! 3 = 1468:9meV is assigned as X2. In the emission spec-

tral intensity plot (Fig. 4.8(c)), it is clearly evident that peak X 1X1 appears only for high

excitation powers. In a similar way as discussed in the last example, the peak area is

plotted as a function of excitation power. Peaks X1 and X2 linear dependence on the
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Figure 4.9: FSS measurements of X-XX system using polarisation-resolved micro-PL. (a)
Lorentzian �t of projection of exciton (left) and biexciton (right) emission peak along the hor-
izontal polarisation detection as a function of HWP rotation angle � HWP . (b) Shift in centre peak
energy as a function of HWP rotation angle for exciton (top) and biexciton (bottom) peak. Dots
show �tted centre energy di�erence, red dashed curve- a sinusoidal �t, black dot curve- a sinusoidal
and linear o�set �t.
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